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Abstract 
Organic matter (OM) adsorbed to clay minerals in soils can have C/N similar to 
lacustrine algal matter. Accurate source identification of OM in sediments is crucial for 
predicting future climate change impacts in the Great Lakes region. We analyzed C/N, 
carbon-isotope compositions, n-alkane abundances and compound-specific carbon-
isotope compositions of vegetation, soil, and OM associated with clay minerals in soils 
and glacial till in order to determine if (i) OM associated with clay minerals has unique 
signatures distinct from lacustrine algal matter and is traceable to modern vegetation, and 
(ii) if these signatures have been transferred to and preserved in Great Lakes sediments 
since the last glaciation. OM associated with clay minerals exhibits δ
13
C of ~ –28.5‰ and 
δ
13
Cn-alkane of –31.5‰; together with C/N >10 (but much <20) and n-alkane relative 
abundance distributions, these signatures are good proxies for C3 OM sources from 
higher plants in soils and glaciolacustrine sediments.  
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Chapter 1  
1 Introduction 
1.1 General background and objectives 
Chemical and isotopic signatures of organic matter (OM) in lacustrine 
sedimentary records can be used to reconstruct OM sources and ancient 
paleoenvironmenal conditions. Carbon to nitrogen ratios (C/N) and carbon-isotope 
compositions (δ
13
C) are two of the most commonly used proxies for source identification 
of lacustrine OM (Meyers, 1994; Hodell and Schelske, 1998; Hyodo and Longstaffe, 
2011a; Thevenon et al., 2012). Abundances of lipid biomarkers, including n-alkanes, are 
also increasingly being used – along with C/N and δ
13
C – to provide a multi-proxy 
approach to paleoenvironmental reconstruction for lacustrine systems (Meyers and 
Ishiwatari, 1993; Silliman et al., 1996; Feng et al., 2013). Uncertainties in source 
identification, however, can arise when interpreting these chemical and isotopic 
signatures for lake sediments. Of particular interest is the possibility that OM adsorbed to 
soil clay minerals can have similar C/N to those of lacustrine algal matter (<10; Prahl et 
al., 1994; Wang et al., 2013; Zhao et al., 2015; Hladyniuk and Longstaffe, 2015). This 
similarity makes it hard to differentiate terrestrial source inputs from lacustrine 
productivity signals using the conventional interpretation of C/N in OM (4 to 10, algal; ≥ 
20, terrestrial; Meyers, 1994). For example, seemingly contradictory – or at least 
ambiguous – chemical signals are preserved by lacustrine OM in Lake Ontario glacial 
sediments (15,000-13,250 cal BP; Hladyniuk, 2014). Their C/N (<10) is indicative of 
algal productivity, the δ
13
C (~ –27‰) suggest C3 vegetation sources (Hladyniuk, 2014), 
n-alkane abundances are characteristic of OM derived from macrophytes (high contents 
of C23 and C25) and/or Sphagnum moss (Nott et al., 2000; Pancost et al., 2002) and – in 
sediments deposited after 14,500 cal BP – long-chain n-alkanes (C27, C29, C31) further 
signify OM input from higher terrestrial plants (Hladyniuk, 2014). Only very low 
amounts of total organic carbon (TOC) were found in the Lake Ontario glacial sediments 
(~0.2-0.3%; Hladyniuk, 2014), and visible ‘free’ OM was rarely detected. Hence, 
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interpretation of the origin of this OM remains equivocal. The OM proxy results reported 
by Hladnyiuk (2014) could record changing lake productivity, but they could also 
indicate detritus – perhaps attached to soil clays – transported to the Great Lakes by the 
Laurentide Ice Sheet (LIS).  
The overarching objective of this thesis, therefore, is to determine the C/N, 
carbon-isotope compositions, and n-alkane abundances and associated carbon-isotope 
compositions contained within OM in Ontario soils; This material is approximately 
equivalent to that transported to the Great Lakes during the Wisconsinan glaciation. 
Special attention is paid to OM adsorbed to and/or intercalated with soil clay minerals. 
These data should allow us to evaluate whether the proxy signals preserved by OM in 
Great Lakes glacial sediments (Lake Ontario, Hladyniuk, 2014; Superior, Hyodo and 
Longstaffe, 2011a) could reflect, in part or in whole, organo-mineral complexes 
originating in soils. If this is the case, then the current approach for interpreting OM 
proxies in lacustrine systems, especially C/N, will need to be modified when considering 
glacial sediments. Accurate identification of the origin of OM in sediment records has 
important implications for paleolimnological studies. If correctly identified, the OM 
fraction of lake sediments can be used to track variation in climatic conditions and to 
infer changes in aquatic and terrestrial productivity and ecosystems (e.g., Meyers and 
Lallier-Verges, 1999; Hyodo and Longstaffe, 2011a). Understanding these responses 
allows for better prediction of the impacts of future climate change in the Great Lakes 
region.  
The specific objectives of this thesis are:  
(1)  to determine if organic matter associated with clay minerals in soils from the 
Great Lakes region has a unique set of chemical/isotopic signatures that are 
traceable to the vegetation from which it was derived;  
(2)  to determine whether these signatures have been transferred to and preserved in 
the Great Lakes sediment record accumulated during and since the last glaciation, 
and  
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(3)  to understand if these signatures are distinct in recognizable ways from OM 
derived from lacustrine algal matter. 
By measuring C/N, carbon-isotope compositions, n-alkane distributions and 
compound-specific carbon-isotope compositions of appropriate samples of vegetation, 
associated bulk soil OM, and OM associated with clay minerals, we will determine if 
these chemical/isotopic signatures are preserved as they pass through the plant-soil-clay 
system. If such is the case, interpretation of OM signals measured for the low levels of 
OM in the Great Lakes glacial sediments will be strengthened. In particular, the potential 
for selective preservation of aliphatic structures by clay minerals (Wang and Xing, 2005; 
Wu et al., 2012) make n-alkanes and their isotopic compositions a proxy that may be 
especially useful for identifying OM originating from soils in Great Lakes’ glacial 
sediments. In short, the ultimate goal of this study is to provide a baseline for determining 
whether the chemical and isotopic signals of OM in Great Lakes’ glacial sediments are 
allochthonous, terrestrial inputs or the result of lacustrine productivity.   
1.2 The Laurentide Ice Sheet (LIS) 
Over the last 100 ka, the LIS occupied much of northern North America (Fulton 
and Prest, 1987). It consisted of at least three coalescent ice masses and was responsible 
for changing atmospheric circulation, the southward movement of major biozones, and 
the erosion and deposition of extensive amounts of material (Fulton and Prest, 1987). 
Approximately 1.62 x 10
6
 km
3
 of sediment was physically eroded from surfaces exposed 
to the LIS (Bell and Laine, 1985), and lobes from the permanent ice dome expanded and 
deposited material throughout areas such as the Great Lakes (Gravenor, 1975). Willman 
and Frye (1969) and Boellstorff (1973) studied the mineralogy of tills deposited in 
Illinois and Nebraska (respectively) by the LIS, noting the high abundance of heavy 
minerals such as hornblende and garnet, and the scarcity of others such as tourmaline and 
zircon. These are typical of mineral assemblages found in soils of the Canadian Shield 
(Gravenor, 1951), and other glacial geologists have also reported the presence of igneous 
and metamorphic erratics in tills located in the Midwestern United States (Frye and 
Leonard, 1949; 1953). The clay mineralogy of Great Lakes sediments (high abundances 
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of chlorite and illite) is therefore partially derived from weathered material that can be 
found in the Canadian Shield.  
Silliman et al. (1996) used grain size, C/N, bulk OM δ
13
C and n-alkanes for 
source identification of OM in Lake Ontario. They determined that fine-grained glacial 
sediments consisted of OM deposited at the same time, along with much older recycled 
OM that had been eroded from the surrounding Paleozoic bedrock. Many glacial deposits 
in the United States are also dominated by Paleozoic carbonate debris mixed with smaller 
amounts of Precambrian Canadian Shield lithologies (Leverett, 1910; Eyles, 2012). We 
therefore postulate that as the LIS advanced south, it carried with it not only materials 
eroded from underlying bedrock such as exposed Canadian Shield and Paleozoic 
sediments, but also sediments and soils and their associated OM – including that sorbed 
on clay minerals – and deposited them in the Great Lakes.                                                                                                                                                                                                                                
1.3 Organic matter in soils  
Soils are complex systems consisting of solids, liquids, and gases, with organic 
matter typically comprising about 5% of the total volume of solids (Sparks, 2003). Soil 
organic matter (SOM) consists of a heterogeneous mixture of organic material that 
originates from plant, microbial and animal residues. Plant and microbial matter 
encompass products of their decomposition; this includes nitrogenous and non-
nitrogenous compounds such as proteins, carbohydrates, fats, and waxes (Konova, 1966). 
During primary decay of plant litter in soils, carbon that is not metabolized by microbes 
forms another group of materials, termed humic substances, through secondary synthesis 
reactions (Stevenson, 1994). Some of these substances present in the pedosphere occur as 
free organic matter and are readily decomposed via physical (e.g. precipitation, wind), 
chemical (e.g. oxidation), and biological processes (e.g. microorganisms). However, 
humic substances can also be associated with the mineral fraction of soils; this fraction is 
quite stable and contains humic acids, fulvic acids, and humin. 
The humification process by which biomass is converted to stable organic matter 
takes hundreds to thousands of years and involves several biochemical reactions that have 
been heavily debated by experts. Some researchers believe that humic substances are 
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created directly through depolymerization of biopolymers (Konova, 1966; Stevenson, 
1994), whereas others claim that these biopolymers are decomposed into their monomers 
and then interact to create humic substances (Ziechmann, 1994). Still other processes for 
generating humic substances exist, but all hypotheses note that belowground carbon 
content decreases with depth throughout the soil profile. In surface horizons, the stable 
fraction comprises less than 30% of the organic carbon pool but increases to 80% in sub-
surface horizons (Eusterhues et al., 2003). This increase occurs as organic carbon is 
stabilized through inclusion in mineral aggregates and through organo-mineral 
associations with clay minerals (Eusterhues et al., 2003; Wattel-Koekkoek et al., 2003). 
Numerous techniques have been developed to extract this stable carbon pool (Eusterhues 
et al., 2003; Kögel-Knabner, 2000; Otto et al., 2005), but there is a lack of information 
regarding the chemical and isotopic signatures of this stabilized organic matter fraction.  
The size of the soil organic carbon reservoir makes SOM extremely important in 
the global carbon cycle. This cycle is known to be particularly sensitive to climate change 
as heterotrophs degrade SOM and return large quantities of CO2 to the atmosphere 
(Huang et al., 1996). C/N, δ
13
C, and n-alkane abundances and δ
13
Cn-alkane can provide 
important information concerning environmental conditions, vegetation changes, and 
anthropogenic activities, and assist in elucidating the source of OM in soils, as is 
discussed next. 
1.3.1 C/N of soil organic matter 
Major element concentrations in humic substances (humic acid, fulvic acid, and 
humin) are very similar to the plant matter from which they were derived (Tan, 2003). 
C/N, for example, is widely used as an indicator for the identification of crop residue: 
cornstalks typically have C/N of 40, cereal crops of 80, and legume crops, 13 to 20 
(Brady, 1990; Miller and Gardiner, 1998). The degree of humification, however, can also 
be assessed using C/N; when decomposition is complete, C/N reaches a constant value of 
between 10 and 15 for stable humic substances (Rice and MacCarthy, 1991). Other 
studies have shown that the C/N of the stable carbon fraction (i.e. OM adsorbed to clay 
minerals) can have values <10 (Prahl et al., 1994, Wang et al., 2013). Such C/N are 
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atypical of terrestrially derived OM and mimic those of algae, thus posing a problem 
when interpreting OM found in lacustrine sedimentary records.  
1.3.2 Stable carbon-isotope compositions of soil organic matter 
Plants using different photosynthetic pathways (C3, C4, CAM) have 
characteristically different stable carbon-isotope compositions, providing a useful proxy 
for source identification of OM. Stable carbon-isotope ratios (
13
C/
12
C) are expressed as 
δ
13
C in ‰ (per mil or parts per thousand) relative to Vienna Peedee Belemnite (VPDB; 
Coplen, 2011): 
 δ
13
C (‰) = [Rsample/Rstandard – 1] 
where Rsample and Rstandard = 
13
C/
12
C in the sample and standard, respectively.  
 All C3, C4, and CAM plants incorporate CO2 from the atmosphere, and as a result 
of isotopic discrimination within different carboxylation pathways (along with numerous 
other contributing factors), each has a distinguishable δ
13
C. Terrestrial plants, for 
example, use CO2 from the atmosphere (current δ
13
C of approximately –8‰; O’Leary, 
1988) for photosynthesis. Fractionation of this carbon source during photosynthesis 
produces a net shift in δ
13
C of –20‰ for plants that photosynthesize using the C3 (Calvin) 
pathway and of –7‰ for those using the C4 (Hatch-Slack) pathway (Meyers, 1994). 
Consequently, δ
13
C of –28 and –14‰ are typical for modern OM from terrestrial C3 and 
C4 plants, respectively (O’Leary, 1988). Some plants photosynthesize using the CAM – 
Crassulacean Acid Metabolism – producing δ
13
C for OM between –20 and –10‰ 
(O’Leary, 1988).  
In soils, OM source identification is useful for tracking several features, including 
natural vegetation shifts resulting from climatic and/or ecological changes, dietary inputs 
(types of vegetation for herbivores), changes in atmospheric pCO2 over time, and land 
use changes such as the onset of agricultural practices (Koch et al., 1994; Meyers and 
Lallier-Verges, 1999; Spaccini et al., 2006; Verburg, 2007). Since isotopic compositions 
of living OM that eventually decomposes and enters the pedosphere are influenced by 
climate, moisture level, atmospheric CO2, temperature, microbes, chemical oxidation, 
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and a number of other factors (O’Leary, 1981), it is important to trace the δ
13
C from 
plant, to soil, to soil clay, to determine if the original signal is transferred through this 
system. Furthermore, the ‘Suess’ effect must be taken into consideration when 
interpreting carbon-isotope compositions of modern plants versus those that grew prior to 
the Industrial Revolution. Anthropogenic processes that release CO2 (such as the burning 
of fossil fuels) have resulted in a progressive decline in atmospheric δ
13
C of >1.8‰ over 
the past 200 years (Verburg, 2007) resulting in a modern-day composition of –8.0 ‰ 
(O’Leary, 1988). 
1.3.3 n-Alkane abundances of soil organic matter 
In higher plants of terrestrial origin, biopolymers account for 80-90% of the total 
biomass of grasses and trees, respectively (Kodina, 2010). Any surface of a plant exposed 
to the atmosphere contains a waxy layer called cuticle that consists of up to 15% of the 
plant’s dry weight (Eglinton and Hamilton, 1967). The lipid fraction contained within 
leaf epicuticlar waxes is relatively stable in soil environments and has been used for 
paleoclimate reconstruction (Eglinton et al., 1962; Mold et al., 1963). Specifically, the 
long-chain constituents of alkanes, alcohols, acids, esters, and ketones are widely used to 
trace vascular plant-derived OM in marine and terrestrial environments. Of particular 
interest are n-alkanes. This fraction is the most abundant lipid produced by terrestrial and 
aquatic plants/algae (Chikaraishi and Naraoka, 2003), and is formed through the 
progressive elongation of palmitic acid. Two carbon atoms are continually added to this 
C16 n-alkanoic acid, producing a longer chain n-acid that is subsequently decarboxylated 
(loss of –COOH) to form an odd-chain n-alkane (Eglinton and Hamilton, 1967).  
The different chain lengths of n-alkanes that are biosynthesized by terrestrial 
plants can provide information regarding the major constituents of SOM and their 
origins. Terrestrial, higher plant species produce signals with a strong odd-over-even 
predominance (OEP) of long-chain n-alkanes, and the relative abundances of n-alkanes 
are fairly consistent at the species level (Smith et al., 2007). This fraction is resistant to 
post-mortem alteration, and the preservation of the original vegetation signal is extremely 
important for OM source identification in paleoenvironmental studies (Eglinton and 
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Hamilton, 1967; Meyers, 1997; Meyers and Teranes, 2001; Nichols et al., 2006; Bingham 
et al., 2010). For example, n-C31 is a major n-alkane found in SOM within grassland-
dominated watersheds (Cranwell, 1973), whereas n-C27 and n-C29 are more abundant in 
deciduous and boreal forest ecosystems (Meyers and Ishiwatari, 1993; Schwark et al., 
2002). Longer-chain n-alkanes such as C33 and C35 are also synthesized by terrestrial 
vegetation, but usually in much lower abundances (Maffei et al., 2004).  
1.3.4 Stable carbon-isotope compositions of n-alkanes in soils 
Values of δ
13
Cn-alkane can provide more detailed information about plant origin and 
paleoenvironmental conditions (Hayes et al., 1990; Hayes, 1993), as these ratios track the 
carbon-isotope composition of atmospheric CO2 and are impacted by changes in 
terrestrial productivity and water availability. Carbon enters all plants in the form of CO2, 
where the partitioning of carbon-isotopes between the main polymers of organic matter 
from higher plants results in distinguishable compositions for carbohydrates, proteins, 
and lipids, among other biopolymers. Of most importance is that n-alkanes preserve the 
original carbon-isotope compositions of the plants from which they were derived (Hayes 
et al., 1990; Meyers and Ishiwatari, 1993; Brincat et al., 2000; Chikaraishi and Naraoka, 
2003; Street-Perrott et al., 2004), and this preservation allows us to identify the 
photosynthetic pathway of the vegetation.  
The δ
13
C of C3 and C4 plants are, on average, –28 and –14 ‰ respectively, 
whereas δ
13
Cn-alkane are typically more depleted of 
13
C than bulk tissue values (2-7‰ 
more negative in C3 plants, and 6-12‰ more negative in C4 plants; Collister et al., 1994; 
Chikaraishi and Naraoka, 2003; Chikaraishi et al., 2004). During periods of increased 
terrestrial productivity, small increases in δ
13
Cn-alkane typically denote a large carbon pool 
and more discrimination against 
13
C. In drier climates, water stress causes stomatal 
closure in C3 plants, which limits diffusion of CO2 into the plant (Farquhar et al., 1989). 
Plants are then forced to utilize a greater fraction of CO2 within the leaf, reducing 
discrimination against 
13
C (O’Leary, 1988). In short, the carbon-isotope compositions of 
n-alkanes provide a diagnostic signal of OM origin that survives degradation.  
 
 
9 
1.3.5 Interaction of organic matter with clay minerals 
The clay fraction of soils (particle size <2μm) is generally rich in phyllosilicate 
minerals, which can profoundly affect chemical reactions within a soil. Clay minerals are 
a type of phyllosilicate classified based on the size and origin of permanent charges 
generated within their structure, along with octahedral cation composition and sheet 
structure. The small particle size and associated large surface area, along with surface and 
interlayer charge characteristics of clay minerals, all contribute to the immobilization of 
the stable organic carbon fraction within soils.  
 
Figure 1.1. Idealized structures of (A) kaolinite, (B) vermiculite, (C) muscovite, and (D) 
di-octahedral chlorite (modified from Evans, 2011). 
 
Clay minerals are composed of tetrahedral and octahedral sheets. Tetrahedral 
sheets are typically composed of silica in tetrahedral coordination with oxygen (Brindley 
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and Brown, 1980). Octahedral sheets can contain a range of cations – most commonly 
aluminum and magnesium – in octahedral coordination with oxygen and hydroxyl groups 
(Brindley and Brown, 1980). When one tetrahedral sheet is joined to one octahedral 
sheet, it produces a 1:1 layer clay mineral (Grim, 1968), for example kaolinite (Fig. 1.1 
A). When two tetrahedral sheets are joined to one octahedral sheet, a 2:1 layer clay 
mineral is created (Grim, 1968). Depending on surface charge, an interlayer space can 
exist between successive 2:1 layers, in which cations can be bound in hydration layers (as 
in vermiculite; Fig. 1.1B), on their own (as in micas such as muscovite; Fig. 1.1C), or in 
octahedral coordination with hydroxyl groups (as in chlorite; Fig. 1.1D) (Moore and 
Reynolds, 1989). These arrangements lead to a unique set of charge characteristics for 
clay minerals. 
 
Figure 1.2. Preservation of alkyl chains in the interlayer space of a clay mineral (modified 
from Brindley and Brown, 1980). 
 
Permanent structural charges on clay mineral surfaces are generated through 
either isomorphous substitution or non-ideal cation occupancy in either the octahedral or 
tetrahedral sheet. The presence of these charges facilitates the formation of SOM-clay 
complexes. Physical adsorption or interactions via van der Waals forces, electrostatic 
interactions, cation and anion bridging, chemical adsorption, and H bonding (Sparks, 
2003) are all mechanisms by which OM interacts with the structural charges of clay 
minerals. Two or more of these mechanisms can occur simultaneously, and different 
types of organic compounds can interact differently with the same clay mineral. In 
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general, fixation to clay minerals is the primary chemical mechanism for OM 
preservation in soils (Fig. 1.2)(Smith, 1961).  
Organic matter is preserved in soils through biochemical stabilization, physical 
mineral protection, and/or chemical stabilization (Stevenson, 1994; Christensen, 1996). 
Biochemical stabilization is understood to be a result of the individual properties of 
SOM. Inherent recalcitrance, for example, is the tendency of certain compounds of OM 
to be resistant to degradation (Clemente et al., 2011), allowing for their preservation 
within a soil profile. Aliphatic structures such as lipids and waxes therefore may be 
present in soils for longer periods of time compared to easily altered compounds (e.g. 
carbohydrates and lignin; Lorenz et al., 2007). Physical mineral protection occurs through 
the inclusion of OM as part of mineral aggregates (i.e.; the <2μm fraction in this study; 
Fig. 1.3), where SOM is protected from degradation. Chemical stabilization is the result 
of binding between SOM and soil minerals via adsorption of OM to mineral surfaces 
(especially clays), formation of organo-mineral complexes, and/or intercalation with clay 
minerals (Six et al., 2002; von Lutzow et al., 2007). The definitions for both organic and 
inorganic fractions utilized within this study are listed in Table 1.1. 
 
Figure 1.3. Aggregate structure illustrating the preservation of SOM. Modified from 
Theng and Orchard (1995) and Jastrow and Miller (1998). 
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Table 1.1. Definitions of various organic and inorganic fractions as used in this study.  
Clay aggregate 
A structure created through adhesion of OM to soil particles (i.e. 
sand, silt, or clay). Synonymous with microaggregate. 
Mineral horizon For the purpose of this study, refers to the C horizon in soils. 
OM associated with 
clay minerals  
Refers to (i) the <2μm fraction, oxidized (δ
13
C) or (ii) the <2μm 
fraction, oxidized + HF treated (C/N and δ
13
Cn-alkane). 
Surface horizon For the purpose of this study, refers to the A horizon in soils. 
Bulk clay fraction Refers to the <2μm fraction. 
 
Long-term preservation of OM has primarily been attributed to chemical 
stabilization (Christensen, 2001; Clemente et al., 2011), where hydrophobic, high-
molecular weight compounds such as the aliphatic fraction are preferentially adsorbed on 
clay surfaces (Wang and Xing, 2005), making them resistant to chemical and biological 
degradation (Wu et al., 2012). Physical adsorption is facilitated by van der Waals forces 
that cause weak interactions between OM and a mineral surface. Chemical adsorption 
occurs through cation and anion bridges as polyvalent metals bond to both clay and 
organic molecules, electrostatic interactions when cation and anion exchange or 
protonation occurs, and hydrogen bonding (Sparks, 2003). Intercalation occurs as organic 
matter is incorporated into the crystal structure between phyllosilicates layers (Theng, 
1974). This latter process is most common for minerals of the smectite group.  
1.4 Organic matter in lacustrine sediments 
Organic matter constitutes a small but significant fraction of most lake sediments 
and is derived from a combination of lipids, carbohydrates, proteins and other compounds 
produced by organisms in a variety of ecosystems (Meyers and Lallier-Verges, 1999). 
This OM is deposited in lakes through various pathways, originating primarily from 
particulate detritus of plants (Meyers and Ishiwatari, 1993). On average, approximately 
10% of OM in lacustrine sediments originates from terrestrial sources, with the remaining 
90% being derived from algal productivity (Meyers and Ishiwatari, 1993). Terrestrial OM 
is carried into lakes by rivers, eolian transport, and runoff whereas various benthic and 
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pelagic organisms contribute to aquatic OM (Silliman et al., 1996). During depositional 
processes OM is subject to microbial processes that alter its original composition. The 
OM compounds that are most resistant to alteration, however, can be used to track 
changes in vegetation (Bourbonniere, 1979; Meyers and Ishiwatari, 1993; Silliman et al., 
1996; Meyers and Lallier-Verges, 1999; Meyers, 2003; Hyodo and Longstaffe, 2011a) 
that accompany climatic shifts through analysis of chemical and isotopic signatures.  
1.4.1 Total organic carbon, total nitrogen, and C/N  
Total organic carbon (%OC) and total nitrogen (%N) are measures of OM 
abundance in sediment accumulation records. On average, only 6% of organic carbon 
produced by photosynthesis at the lake surface reaches the sediment, but relative changes 
in organic carbon and total nitrogen contents are generally indicative of variations in OM 
sources to the lacustrine environment (Meyers and Ishiwatari, 1993). Plants that 
contribute to this OM input can be classified into two categories based on their 
biochemical compositions: (1) vascular (terrestrial) plants that contain cellulosic tissues, 
such as trees and grasses, and (2) non-vascular (aquatic) plants that lack these tissues, 
such as aquatic algae. Non-vascular plants are high in N-rich proteins whereas vascular 
plants consist of large amounts of cellulose and waxy hydrocarbons. As a result, C/N is 
lower for algal sources of OM (between 4 and 9) and higher for terrestrial sources 
(greater than 20) (Meyers and Ishiwatari, 1993; Meyers, 1994; Silliman et al., 1996; 
Hyodo and Longstaffe, 2011a). The interpretation of C/N, however, should be performed 
with caution as soil OM adsorbed onto clay minerals can have C/N <20, and in many 
cases <10 (Prahl et al., 1994).  
1.4.2 Stable carbon isotope compositions of lacustrine organic matter 
As mentioned earlier, terrestrial C3 (–28‰) and C4 (–14‰) plants have distinct 
isotopic compositions. This difference assists in source identification of OM in sediments 
and is frequently used in combination with C/N in lacustrine systems (Silliman et al., 
1996; Meyers and Lallier-Verges, 1999; Hyodo and Longstaffe, 2011a). Unlike terrestrial 
plants, however, the δ
13
C of OM derived from aquatic algae can be difficult to interpret. 
These compositions are reflective of dissolved inorganic carbon (DIC) compositions and 
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the aquatic productivity within a lake (O’Leary, 1988), and vary considerably because of 
factors such as the diffusion of CO2 in water, the change in carbon-isotope signature of 
different aquatic environments, and differences in the forms of inorganic carbon 
assimilated by aquatic species (Keeley and Sandquist, 1992). For example, source 
carbon-isotope compositions vary from +1‰ (for HCO3
- 
derived from marine limestone) 
to –7‰ (for CO2 dissolved in atmosphere-equilibrated water; Keeley and Sandquist, 
1992). Other factors such as decreased ice cover (allowing more dissolved CO2 into the 
water column) and greater terrestrial OM input into a lake also affect the δ
13
C of aquatic 
plants (Teranes and Bernasconi, 2005; Thevenon et al., 2012). These all contribute to 
complexity in interpreting the carbon-isotope compositions of freshwater plants.  
Almost all lacustrine algae photosynthesize utilize the C3 pathway (δ
13
C = –29 to 
–25‰) and hence cannot be distinguished from terrestrial C3 plants based on their 
carbon-isotope compositions alone (Meyers and Ishiwatari, 1993). A combination of δ
13
C 
and C/N is therefore most commonly used to distinguish between aquatic and terrestrial 
C3 plants (Fig. 1.4). In addition, the carbon-isotope composition of atmospheric CO2 
(δ
13
CO2 atm) has been decreasing in the past 200 years as a result of accelerated fossil fuel 
burning and deforestation. Since CO2 is exchanged between air and water, correction for 
this so-called ‘Suess’ effect must be made when using δ
13
C of organic matter to interpret 
recent changes in lacustrine productivity (Verburg, 2007).  
 
Figure 1.4. δ
13
C versus C/N of various OM sources (modified from Meyers, 2003). 
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1.4.3 n-Alkane abundances of lacustrine organic matter 
Lipid biomarkers can also be used to infer OM sources present in lacustrine 
sediments. Lipids are a large group of organic compounds that are esters of fatty acids 
(such as fats and waxes) or closely related substances (e.g. phospholipids), and which are 
usually insoluble in water but soluble in alcohol and other organic solvents. Lipids are 
composed of hydrocarbons and similar compounds such as alcohols, aldehydes and 
ketones, and typically consist of more than 10 carbon atoms (Meyers and Ishiwatari, 
1993). Lipids are resistant to biodegradation and therefore retain characteristics that are 
reflective of their origin. As mentioned, the n-alkane fraction is the most abundant lipid 
biosynthesized by terrestrial and aquatic plants/algae. Different chain lengths of this 
biological marker (biomarker) produced by OM sources provide information regarding 
the origin of OM. Naturally occurring n-alkanes typically exhibit strong odd/even 
predominance (Fig. 1.5; Ficken et al., 1998) and different chain lengths are commonly 
diagnostic of different OM sources.  
 
Figure 1.5. Typical n-alkane distribution of a grass with odd/even predominance 
(modified from Ficken et al., 1998). Dots represent even-chain n-alkanes. 
 
Short-chain n-alkanes (n-C17 and n-C19) usually represent aquatic algae, mid-chain 
n-alkanes (n-C23 and n-C25) indicate Sphagnum species or macrophytes, and long-chain 
n-alkanes (n-C27 to n-C35) indicate contributions from higher terrestrial plants (Eglinton 
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and Hamilton, 1963; Ficken et al., 2000; Sachse et al., 2004). There is however some 
ambiguity in discrimination of macrophyte species from mosses because of their similar 
n-alkane distribution patterns. Bingham et al. (2010), for example, illustrate the high 
abundances of C23 and C25 in bog-forming vegetation such as Sphagnum mosses, similar 
to that found in submergent and floating macrophytes (Sachse et al., 2004). Further 
complexity arises in the overlap in n-alkane distributions between emergent macrophytes 
and terrestrial higher plant species; both can display n-alkane distributions dominated by 
chain lengths >C29 (Ficken et al., 2000; Mead et al., 2005).  
1.5 Sample selection 
During the Wisconsinan glaciation, the LIS eroded and deposited extensive 
amounts of detritus across much of North America (Fulton and Prest, 1987). The eroded 
materials came from areas that interacted with the advancing glacier, and through 
abrasion and plucking, bedrock, soil and associated OM were carried to new locations. 
The primary site of early ice-sheet growth was the Canadian Shield, which consists of 
metaigneous and metasedimentary rocks (Fulton and Prest, 1987). Paleozoic sediments 
exposed at the glacier-rock interface were also eroded during glaciation and redeposited 
as part of tills in regions such as the Great Lakes. Clay minerals that were the weathered 
products of the parental metaigneous and metasedimentary rocks would also have been 
present and subject to removal during the advancement of the LIS. Clay minerals such as 
illite, kaolinite, and chlorite are currently found within glacial sediments of Lake Ontario 
(Fig. 1.6; Hladyniuk, 2014) and likely were delivered by the ice sheet during the 
Wisconsinan glaciation. Similar clay mineralogy has been reported for glacial sediments 
in Lake Superior and Lake Michigan (Lineback et al., 1979; Hyodo and Longstaffe, 
2011a,b).  
Soils from several sites in present-day Ontario with similar clay mineralogy to the 
glacial clays and a range of vegetation cover were therefore selected to examine the 
nature and preservation of chemical and isotopic signals as the soil clays passed through 
the plant-soil-clay system (Table 1.2). This information should provide a useful baseline 
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against which results obtained for OM from Great Lakes glacial sediments can be 
compared. 
 
Figure 1.6. Bulk mineralogy of glacial sediment in Lake Ontario (Hladyniuk, 2014). 
 
Table 1.2. Clay mineralogy and OM inputs at soil sampling sites in Ontario. 
Location 
Forest 
Region 
Vegetation Present Clay mineralogy 
Ekfrid Deciduous 
Conifers: eastern white pine, 
tamarack, eastern red cedar and 
eastern hemlock.                                                                          
Deciduous/broad-leaf: oak, 
maple, beech, elm. 
~20-30% illite in soil from mid-
northern ON and ~3-20% chlorite 
in B and C horizons of these soils 
(Protz et al., 1985). 
Turkey 
Lakes 
Great Lakes 
- St. 
Lawrence 
Conifers: eastern white pine, red 
pine, eastern hemlock, white 
cedar.                                                                       
Deciduous/broad-leaf: yellow 
birch, sugar and red maple, 
beech, red oak.                                                                                               
Boreal species also: white and 
black spruce, jack pine, white 
birch. 
Clay minerals dominated by illite 
in podzolic soils (Kodama and 
Brydon, 1967; Kodama, 1979; 
Doram and Evans, 1983) along 
with traces of chlorite (Protz et
al., 1984) and kaolinite (Brydon 
and Sowden, 1957). 
Wawa Boreal 
Poplar, white and black spruce, 
balsam fir, jack pine, tamarack. 
~20-30% illite in soil from mid-
northern ON and ~3-20% chlorite 
in B and C horizons of these soils 
(Protz et al., 1985). 
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Understanding the extent of the preservation of chemical and isotopic signals 
(C/N, n-alkane abundance distribution, carbon-isotope composition) from vegetation to 
organic matter associated with clay minerals is our most important research goal, as these 
signals are commonly used as proxies for paleoclimate reconstruction. Accordingly, 
deciduous, coniferous, and grass vegetation were obtained from the soil sampling sites to 
assess preservation of original OM signals through the plant-soil-clay system. A peat 
sample from the Hudson Bay lowlands, dominated by Sphagnum moss, was also 
collected since an abundant n-alkane signal measured by Hladyniuk (2014) in the glacial 
sediments of Lake Ontario could reflect such vegetation.  
Glacial detritus directly deposited in the terrestrial landscape by the LIS should 
also contain similar organic matter to that deposited in the Great Lakes. Therefore, 
analysis of a glacial till should be a good method for assessing preservation of chemical 
and isotopic signatures from vegetation to OM adsorbed on clay minerals. Southwestern 
Ontario contains multiple thin till sheets deposited by the LIS (Karrow, 1971). The Port 
Stanley Till, located in London, Ontario, is part of the Ingersoll till moraine in this area 
and was deposited by the Erie-Ontario lobe of the LIS during the Late Wisconsinan (de 
Vries and Dreimanis, 1960; Karrow, 1974; OMAFRA, 1992). A sample of this till was 
collected to analyze material and associated organic matter that would have been 
delivered by the LIS glacier at about the same time period that glacial sediments were 
being deposited in Lake Ontario (16,500-13,000 cal BP; Hladyniuk, 2014).  
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Chapter 2  
2 Materials and Methods 
2.1 Sample locations 
Several samples of vegetation and/or soil were selected from various locations in 
Ontario (Fig. 2.1) based on clay mineralogy (soils), n-alkane distributions (peat) and 
glacial origin (till). All samples collected were returned to the laboratory, air-dried, and 
analyzed for C/N, bulk δ
13
C of OM, and n-alkane abundances and their associated δ
13
C. 
Details for each sample are summarized below. 
 
Figure 2.1. Map of sample locations across Ontario. The town/city near where each 
sample was collected and the sample type are listed for each location.
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Figure 2.2. Photographs of soil and till samples collected across Ontario. (A) Orthic 
Melanic Brunisol from Ekfrid, Ontario (Middlesex Township). (B) Orthic Ferro-Humic 
Podzol from the Turkey Lakes Watershed (north of Sault Ste Marie). (C) Orthic Humo-
Ferric Podzol from Wawa, Ontario. (D) Glacial till from Medway Creek in London, 
Ontario. Arrow indicates 25cm in (A). Red and white bands are 20cm each in (B) and 
(C). Length of scale card is 8cm in (D).  
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2.1.1 Ekfrid, Ontario 
On November 13, 2012, Lisa LeClair and I travelled to Ekfrid township, Ontario where 
we sampled each horizon of a soil profile located at 5765 Longwoods Road. Soil survey 
reports published by the Ontario Ministry of Agriculture, Food, and Rural Affairs 
(OMAFRA, 1992) were used to locate a Brunisolic soil with clay mineralogy similar to 
Great Lakes sediments. The sample was located on the southwest corner of the property. 
There we dug a pit 70 cm deep and I then classified the soil using the Canadian System of 
Soil Classification (CSSC) as an Orthic Melanic Brunisol (Fig. 2.2A). Approximately 
1kg of soil was obtained from each horizon (A+B+C; Table 1.1), representing various 
degrees of degradation and mineralization of OM. Bromegrass (Bromus inermis Leyss.) 
was also collected from the site.  
Table 2.1. Horizon classifications summarized from the Canadian System of Soil Classification. 
A horizon The mineral horizon at or near the surface. 
B horizon Characterized by the development of soil structure. 
C horizon The horizon comparatively unaffected by pedogenic processes present in A and B 
horizons. 
 
2.1.2 Turkey Lakes Watershed, Ontario 
On November 15, 2012, Randy Campbell and I travelled to the Turkey Lakes Watershed 
(north of Sault Ste Marie), Ontario. A podzolic soil was located with the assistance of 
contacts in the area (Tom Weldon, NRC, Paul Hazlett, Environment Canada). After 
digging a pit ~100cm deep, I then sampled approximately 1kg of soil per horizon. The 
soil was classified using the CSSC as an Orthic Ferro-Humic Podzol (Fig. 2.2B). Leaves 
of sugar maple (Acer saccharum) were also collected from the site. 
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2.1.3 Wawa, Ontario 
On June 26, 2013, Nadia Dildar and I travelled to Wawa, Ontario where a 
podzolic soil was located with the help of Tim Reece from the Ontario Ministry of 
Natural Resources (OMNR). We dug a pit ~100cm deep, which revealed the entire soil 
profile. Approximately 1kg of soil per horizon was collected, along with balsam fir 
needles from the site. The soil sample was classified using the CSSC as an Orthic Humo-
Ferric Podzol (Fig. 2.2C). Balsam fir (Abies balsamia) was also collected from the site.  
2.1.4 Medway Creek, London, Ontario 
On May 13, 2013, Tessa Plint and I collected a glacial till (Fig. 2.2D) from the 
bank of Medway Creek in London, Ontario (Fig. 2.3). This sample is from the Port 
Stanley Till, as described earlier, and is a silt to silty clay till with few clasts. Several 
layers of exposed sediment were removed and discarded before ~2kg of till sample was 
obtained. 
 
Figure 2.3. Location of glacial till collected at Medway Creek in London, Ontario. (© 
Queen’s Printer for Ontario, OMAFRA, 1992). 
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2.1.5 James Bay Lowlands 
A peat sample (30cm x 60 m; collected by Tara Despault and Williams Goacher) 
was obtained from the James Bay Lowlands (Fig. 2.4) for the purposes of determining the 
n-alkane distribution and individual n-alkane δ
13
C of Sphagnum moss. A small corner 
(15cm x 15cm) of the peat sample was removed and air-dried. The remaining sample was 
frozen. 
 
Figure 2.4. Landscape in James Bay Lowlands where the peat sample was collected. 
Specific sample location and presence of Sphagnum are indicated. 
 
2.2 Laboratory analyses 
As briefly described earlier, samples were analyzed for a range of chemical and 
isotopic compositions that are commonly used in paleolimnology as proxies to identify 
vegetation types comprising the OM in fine-grained lake sediments. These signatures 
include C/N and bulk OM carbon-isotope compositions, and n-alkane abundances and 
carbon-isotope compositions. Several other parameters necessary for characterizing the 
sample were also measured, such as loss-on-ignition (LOI), C and N contents, and 
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characterization of the inorganic fraction by pXRD (mineralogy) and grain-size analysis. 
A diagram illustrating the analytical processing pathway for each sample is shown in 
Figure 2.5. 
 
Figure 2.5. Analytical pathway used for samples. Abbreviations are as follows. EA: 
Elemental Analyzer, EA-IRMS: Elemental Analyzer connected to an Isotope Ratio Mass 
Spectrometer, GC: Gas Chromatograph, GC-C-IRMS: Gas Chromatograph connected to 
an Isotope Ratio Mass Spectrometer, LOI: Loss on Ignition, GSA: Grain Size Analysis, 
XRD: X-Ray Diffraction, HF: Hydrofluoric Acid. 
 
2.2.1 Loss on ignition (LOI) 
Organic matter begins to ignite at 200°C and burns completely by 550°C 
(Santisteban, 2004). Therefore, in order to measure the amount of OM in the soil 
samples, 5g of sample were passed through a 2 mm sieve, placed in a furnace for 4h at 
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550°C after oven-drying overnight (105°C) at the Laboratory for Stable Isotope Science 
(LSIS) at the University of Western Ontario (UWO). Crucible weight was recorded, 
along with pre- and post-ignition weights, and the following equation was used to 
estimate the percentage of OM: 
%OM = pre-ignition weight – post-ignition weight    (2.1) 
pre-ignition weight 
 
2.2.2 Grain size analysis (GSA) 
Grain size analysis was completed at LSIS on all the <2mm fraction of all soil 
samples, after oven-drying overnight. The >2mm fraction was negligible. To remove 
organic matter, the <2mm fraction was treated with H2O2 at room temperature and left to 
react overnight (some samples required more time) under a fume hood. Each sample was 
then placed in a water bath overnight at 80°C, after which the solution was decanted. The 
sediment was then poured into a fresh beaker containing 250mL of sodium 
pyrophosphate, left to disperse for another 24h, and then mixed in a blender (method 
modified from Hicock, pers. comm.; ASTM, 1972). The samples were then transferred to 
1000mL settling column where Stoke’s Law was applied and hydrometer readings were 
taken at specified time intervals (40s, 1min, 4min, 15min, 1h, 4h, 12-24h) to determine 
particle size distribution for clay (<0.002mm), silt (0.002-0.05 mm), and sand (0.05-
2mm) (USDA, 1951). After completion of the hydrometer readings, the sample was wet-
sieved through a 0.05mm sieve, the >0.05mm fraction was oven-dried, and then dry-
sieved for GSA of the sand fraction.  
2.2.3 Powder x-ray diffraction (pXRD) 
pXRD patterns were obtained at LSIS for bulk sediment (soils and till) samples 
and for the <2µm fraction in the C horizon (soil) or of the bulk sample (till). Bulk 
samples were air-dried, powdered with a stainless steel mortar and pestle, backpacked 
into Al sample holders in order to achieve random orientation and scanned from 2-82° 
two-theta.  
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Separate aliquots of the <2µm fraction for each sample were saturated with Ca 
and K, respectively, centrifuged, frozen overnight, freeze-dried, dispersed in 2mL of 
deionized water, pipetted onto glass slides to achieve preferred orientation, and allowed 
to dry at room temperature. Samples were analyzed using a Rigaku rotating-anode X-Ray 
diffractometer that employs Co Kradiation (λ=0.1790210nm). Monochromation was 
ultimately achieved using a curved crystal, diffracted beam, graphite monochromater 
while operating the diffractometer at 45kV and 160mA. Several sample treatments were 
used to facilitate identification of the clay minerals, following the procedure described by 
Libbey et al. (2013) and McKay and Longstaffe (2013). Samples were scanned from 2 to 
42° two-theta (other than Ca-saturated samples treated with ethylene glycol, which were 
scanned from 2 to 82° two-theta), at a rate of 10 degrees/minute. K-saturated samples 
were scanned after each of the following treatments in the following order: (i) 0% relative 
humidity (RH) via 2h in a drying oven at 107°C, (ii) 54% RH after equilibration 
overnight in a desiccator filled with MgNO3, (iii) heated to 300°C in a furnace for 3h, and 
(iv) heated to 550°C in a furnace for 2 h. Samples heated in the furnace were placed 
directly into a desiccator filled with a drying agent (Drierite
®
) and transferred quickly to 
the pXRD. K-saturated samples were also scanned from 58 to 78° two-theta, at a rate of 5 
degrees/minute to determine the position of the 060 diffraction for the purpose of 
differentiating between di- and trioctahedral clay minerals. Ca-saturated samples were 
scanned after each of the following treatments: (i) 54% RH (as per K-saturated samples 
mentioned above), and (ii) saturated with ethylene-glycol via vapour solvation in 
vacuum-sealed container placed in an oven at 65°C overnight and then left to stand at 
room temperature for 24h. 
2.2.4 Elemental analysis (EA) 
A Carlo Erba Fisons 1108 Elemental Analyzer (EA) at LSIS was used to measure 
the percentages of C and N in soil, till, and vegetation samples prior to undertaking stable 
isotopic measurements. This facilitated selection of the appropriate sample weight needed 
for high quality stable isotopic analysis of carbon and nitrogen. Samples for EA analysis 
were ground lightly using a stainless steel mortar and pestle and passed through a 0.5mm 
sieve. Samples for N analysis (30mg) were then crimped into tin capsules and placed in a 
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vacuum desiccator. Prior to being weighed into capsules, samples for C analysis (30mg) 
were first treated directly with 10% HCl at room temperature. Ten (10) mL of HCl was 
added four times until carbonate removal was complete (effervescence ceased after 
approximately 1h), and then the samples were rinsed thoroughly with deionized water via 
centrifugation. This procedure was necessary to ensure that the measured abundances and 
carbon-isotope compositions reflected only organic carbon. Midwood and Boutton (1998) 
report no change in δ
13
C of soils treated directly with HCl for less than 24h. After 
carbonate removal, these samples were placed in the freezer for 24h, freeze-dried and 
weighed into tin capsules.  
Elemental analysis of the samples involved flash combustion of the OM in O2 in a 
He stream to form CO2 and N2. These gases were separated by a gas chromatograph (GC) 
into C and N and their abundances measured using a thermal conductivity detector 
(TCD). Instrument calibration curves were established using accepted abundances of for 
Low Organic Content Soil (TOC 1.52wt.%, accepted TN 0.13wt.%) and High Organic 
Content Sediment (TOC 6.10wt.%, TN 0.46wt.%). The reproducibility (SD) of Low 
Organic Content Soil (n=12) was 0.08 wt.% for C and 0.01wt.% for N. The 
reproducibility (SD) of High Organic Content Sediment (n=12) was 0.11wt.% for C and 
0.03wt.% for N. Reproducibility (SD) of duplicate samples was ±0.01% for both C (n=7) 
and N (n=3). 
2.2.5 Bulk OM stable carbon-isotope analysis (EA-IRMS) 
 Sample weights for isotopic analysis were determined based on C and N 
percentages obtained using the EA, as described above. Carbon-isotope analysis was 
conducted at LSIS using a Costech Elemental Combustion System connected to a 
Thermo Scientific Delta
PLUS
XL mass spectrometer in continuous-flow (He) mode. The 
carbon-isotope compositions of the bulk OM were reported relative to VPDB in standard 
delta (δ) notation in per mil (‰). Calibration curves for δ
13
C were determined using 
international standards USGS40 (accepted value = –26.39‰) and USGS41 (accepted 
value = +37.63‰). Precision (SD) for the calibration standards was ±0.17‰ for USGS40 
(n=7) and ±0.25‰ for USGS41 (n=6). An internal keratin standard (MP Biomedicals 
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Inc., Catalogue No. 90211, Lot No. 9966H; accepted δ
13
C = –24.05±0.12‰) and Low 
Organic Soil (accepted δ
13
C = –27.5±0.2‰) were analyzed to test for accuracy and 
precision. Measured δ
13
C was –24.05±0.40‰ for the keratin (n=10) and –27.54±0.23‰ 
for Low Organic Soil (n=8), which compare well with the accepted values. The 
reproducibility (SD) of δ
13
C for duplicate samples was ±0.25‰ (n=10). 
2.2.6 n-Alkanes 
2.2.6.1 Lipid extraction 
Total lipid extracts from soil and till samples were obtained from 5 to 15g of 
freeze-dried and powdered sediment by a 24h Soxhlet extraction at LSIS following the 
procedure described by Boot et al. (2006). Glassware for this procedure was placed in the 
furnace overnight at 400°C. Thimbles were placed in Soxhlet tubes where the thimbles 
were then treated with hexane for 24h to ensure they were clean, and blank thimbles were 
analyzed during each Soxhlet extraction. A 2:1 (v/v) mixture of dichloromethane and 
methanol was used to obtain lipid extracts that were then treated overnight with activated 
copper to ensure removal of elemental sulphur. Total lipid extracts for vegetation samples 
were obtained using 1g of ground sample placed in culture tubes and extracted using a 
2:1 (v/v) mixture of dichloromethane and methanol. To complete the extraction, samples 
were sonicated, centrifuged, and the solvent then decanted. The 2:1 mixture was then 
added to the sample again and this procedure was repeated three times.  
Fractions from both the vegetation and sediment extracts were then produced at 
LSIS using solid-liquid column chromatography in a 4cm column packed with silica 
(following Boot et al., 2006). The alkane fraction was collected via elution with 3mL of 
hexane, which was followed by sequential collection the alcohol fraction via elution with 
5mL of dichloromethane followed by 3mL of 1:1 dichloromethane:methanol, and final 
collection of the fatty acid fraction via elution with 3mL of methanol. Only the n-alkane 
fraction was analyzed in this study, with the other fractions being retained for future 
work. 
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2.2.6.2 n-alkane abundances (GC) 
Gas chromatography (GC) was conducted in the Workentin Laboratory in the 
Department of Chemistry at the University of Western Ontario using an Agilent 6890N 
gas chromatograph fitted with a fused silica capillary column and a flame ionization 
detector (FID). Helium was used as a carrier gas and the oven was programmed from 70 
to 140°C at 20°C/min followed by 4°C/min until 300°C was reached (15min hold). 
Samples were dissolved in 5µL of internal standard, 5α-androstane (concentration 
1000µg/mL). Identification of n-alkanes was made by comparison of retention times and 
spectra reported in the literature under the same conditions. Quantification of n-alkane 
abundances was performed by integration of peak areas relative to the internal standard 
(5α-androstane). Abundances are reported in units of µg/g (alkane/sample weight).  
2.2.6.3 n-alkane δ13C (GC-C-IRMS) 
  Individual n-alkanes were analyzed for their carbon-isotope composition, and 
results reported relative to VPDB in standard delta (δ) notation in per mil (‰). Samples 
were dissolved in 30-50µL of internal standard, 5α-androstane (concentration 1000 
µg/mL) and analyzed at LSIS using either a Thermo Scientific GC IsoLink coupled with 
a Thermo Scientific DeltaV
PLUS
 mass spectrometer in continuous-flow (He) mode or a 
GC (Agilent 6890N) with a combustion interface (Conflo II) and a Thermo Scientific 
Delta
PLUS
XL mass spectrometer in continuous-flow (He) mode. Instrument performance 
was monitored daily. Calibration of sample results was achieved using a standard mixture 
of n-alkanes (C16 to C30) prepared by A. Schimmelmann (Indiana University standards 
laboratory) with known isotopic compositions. Duplicate analyses of samples were 
reproducible to ±0.9‰ (SD). 
2.2.7 Wet oxidation 
 In order to destroy free organic matter contained in 5-15g of the <2µm fraction 
for both till and soils, samples were distilled in 2L of deionized water to which 250mg of 
Na2S2O8 was added (Meier and Menegatti, 1997). This solution sat for 24h at 80°C in a 
2L beaker, temperature was monitored and the beaker was covered with aluminum foil to 
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reduce evaporation. After 24h, the solution was buffered with 250mg of NaHCO3, 
covered again with aluminum foil and left for 24h until pH=7 was reached. The solution 
was then removed by centrifugation and samples were placed in the freezer overnight and 
freeze-dried for 24h. This method – following Eusterhues et al. (2003) – is centered 
around the idea that chemical oxidation imitates the oxidative processes present in natural 
environments, which over time, would leave behind only the stable organic phase 
preserved through interaction with soil minerals. After this process, the samples were 
analyzed for their clay mineralogy (XRD), C/N, bulk δ
13
C, and n-alkane abundances and 
δ
13
C using the procedures outlined above.  
2.2.8 HF-treatment (demineralization) 
 Eusterhues et al. (2003) determined that after treatment with Na2S2O8, a negative 
relationship between 
14
C activity and the amount of carbon resistant to this treatment was 
indicative of preferential removal of young carbon (free OM). Following removal of the 
free OM, release of the stable organic carbon phase (such as that which might have been 
carried into the Great Lakes by the LIS as OM associated with clay minerals) was then 
necessary. In order to determine the n-alkane distribution of OM associated with clay 
minerals, samples were demineralized using hydrofluoric acid. HF forms soluble fluoride 
complexes when reacting with silicate (Schmidt et al., 1997; Eusterhues et al., 2003; 
Berhe et al., 2012). Approximately 15g of clay (<2µm) from the C horizon of the soil 
collected in Ekfrid, and from bulk sample of the till, was used for this treatment. The 
Turkey Lakes and Wawa samples were not analyzed for the OM in the <2µm fraction due 
to the very small percentage of clay in the C horizons (see Table 2.2). The C horizon was 
chosen because of the enrichment in the stable carbon pool that occurs from surface 
horizons (1-30%) to sub-surface horizons (80%) as a result of increasing clay content.  
 After weighing, samples were treated with 150mL of 10% HF (10mL/g). This 
suspension was then mixed using magnetic stir bars and a stir plate for 2h at room 
temperature, followed by centrifugation at 3000rpm for 12min, after which the 
supernatant was discarded. This procedure was repeated five times. The remaining 
material was then washed with deionized water five times in order to removal any 
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residual HF. Samples were then placed in a freezer overnight, followed by freeze-drying 
for 48h. The dried samples were then analyzed for their mineralogy, C/N, n-alkane 
abundances and associated δ
13
C using the procedures outlined above.  
 C/N and δ
13
C were not obtained for all samples. Hydrofluoric acid is not 
compatible with an EA or EA-IRMS as CaF2 is produced when carbonates react with the 
acid. This results in degradation of the quartz tube contained in the EA and the EA-
IRMS, which is a common side effect of contact with halide-rich samples. Successful 
analyses were obtained for samples that were oxidized and HF-treated when only two 
such samples were analyzed in a given analytical session on the EA. Due to the higher 
sensitivity of the EA-IRMS, we chose not to run samples that had been both oxidized and 
HF-treated. No isotopic data was obtained for these samples. However, since oxidation 
with Na2S2O8 removes free OM, it can be assumed that only bound and/or intercalated 
OM remains after oxidation. By combusting oxidized samples in the EA-IRMS, we 
postulate that isotopic data obtained for these samples is that of the OM interacting with 
clay minerals. It is therefore assumed in the rest of this thesis that clay fractions treated 
with Na2S2O8 and analyzed using the EA-IRMS provides the required isotopic data for 
OM associated with clay minerals.  
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Chapter 3  
3 Results 
3.1 Properties of vegetation, soil, till, and peat samples 
Table 3.1 describes the properties of the vegetation, soil, till and peat samples 
collected in this study, including soil horizon textures, depths and colours, and associated 
measurements of particle size distribution and organic matter contents. 
3.2 Mineralogy 
3.2.1 Bulk mineralogy 
pXRD data show that the bulk soil samples consist mostly of quartz, feldspar 
(plagioclase and potassium feldspar), and carbonates (calcite and dolomite; Table 3.2). 
Quartz is most abundant in all samples, ranging from 45 to >80%. Feldspars are next 
most abundant, with plagioclase typically being more common. Carbonates are absent 
from the Northern Ontario Wawa (WW) and Turkey Lakes (TL) soils but present in the 
Southern Ontario Ekfrid soil (EKF) and Medway Creek till (MC). Relative mineral 
percentages were estimated using background-subtracted peak height of the most intense 
diffraction for each mineral. 
3.2.2 Clay mineralogy 
The clay mineralogy (<2µm) of the EKF soil and MC till is summarized in Table 
3.3, together with other phases encountered in this size fraction. The clay fractions of 
both samples contain chlorite, illite, and kaolinite, along with quartz and calcite; dolomite 
is also present in the MC till. The relative clay mineral abundances were calculated 
following the technique of Brindley (1981).  
 
 
3
3
 
Table 3.1. Selected properties of soil, till, and peat samples. N/A= not available. 
Location 
Sample 
Type
a
 
Forest 
region 
Latitude/   
Longitude 
Parent 
Material
b
 
Vegetation 
collected 
from site 
Horizon 
Classific-
ation
a
 
%O
M 
(LOI) 
Depth 
Soil 
Texture
c
 
% 
SAND
d 
% 
SILT
d
 
% 
CLAY
d
 
 
Colour
e
 
 
Ekfrid, ON 
(Middlesex 
Township) 
Orthic 
Melanic 
Brunisolic 
Soil 
Deciduous 
forest/ 
Carolinian 
zone 
 
42°47'19.1"N 
81°35'15.3"W 
Limestone, 
dolostone, 
shale 
Sugar 
Maple, 
Yellow 
Birch, 
Brome-
grass 
Ah 5.5 0-25cm 
Clay 
loam 
40 32 28 
10 YR 
3/3 
Bm 2.1 
25-
45cm 
Clay 
loam 
43 30 27 
10 YR 
5/4 
Ck 6.0 
45-
70cm 
Sandy 
clay 
48 1 51 
10 YR 
6/2 
Turkey 
Lakes, ON 
(north of 
Sault Ste 
Marie) 
Orthic 
Ferro-
Humic 
Podzolic 
Soil 
Mixed 
forest/Great 
Lakes-St. 
Lawrence 
forest 
 
47°02'49.9"N 
84°23'30.5"W  
Metabasalt 
containing 
hornblende, 
plagioclase, 
chlorite, 
epidote  
Sugar 
Maple, 
Yellow 
Birch, Red 
Maple 
L  0-4cm 
N/A N/A N/A N/A N/A F N/A 4-7cm 
H  4-7cm 
Ae 26.1 0-7cm Clay 32 9 59 
10 YR 
3/2 
Bhf 
11.1 
7-17cm 
Sandy 
loam 
60 26 14 
7.5 YR 
4/2 Bm 
17-
70cm 
BC  
70-
100cm  Loamy 
Sand 
80 15 5 
10 YR 
4/4 
C 4.6 100+cm 
Wawa, ON 
Orthic 
Humo-
Ferric 
Podzolic 
Soil 
 
47°59'06.4"N 
84°40'12.5"W 
Tonalite to 
granodiorite 
- foliated to 
gneissic - 
with minor 
supracrustal 
inclusions 
Jack Pine, 
Balsam 
Fir, Black 
Spruce 
Ae 4.9 0-15cm 
Sandy 
clay 
60 3 37 
10 YR 
4/3 
Boreal 
forest Bf 2.2 
15-
74cm 
Sandy 
clay 
loam 
75 4 21 
10YR 
3/4 
 
C 1.1 
74-
112cm 
Loamy 
sand 
84 3 13 
10 YR 
5/4 
 
 
3
4
 
Medway 
Creek, 
London, 
ON 
Glacial 
Till 
Deciduous 
forest/ 
Carolinian 
zone  
43°00'25.7"N  
81°17'23.7"W 
Limestone, 
dolostone, 
shale 
N/A N/A 3.5 N/A N/A 16 8 76 
7.5 YR 
6/1 
Victor 
Mine, 
James Bay 
Lowlands, 
ON 
Bulk Peat 
(bog) 
Hudson 
Bay 
52°50'56.9"N 
83°57'02.8"W 
N/A 
Sphagnum, 
Bog 
Labrador 
Tea, Bog 
Laurel 
N/A N/A 0-30cm N/A N/A N/A N/A 
 
 
N/A 
a 
Soil sample type and horizons were classified using the Canadian System of Soil Classification (Soil Classification Working Group, 1998). 
b 
Parent material summarized from maps published by the Ontario Geological Survey (1991a) and (1991b). 
c 
Soil textures classified using USDA textural triangle (USDA, 1951). 
d 
Grain size used to define these categories are as follows: Sand, 0.05-2.0 mm, silt, 0.002-0.05mm and clay, <0.002mm. 
e 
Soil colour classified using Munsell Soil Color Chart (2000). 
N/A – not applicable 
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Table 3.2. Relative percentage of commonly encountered non-clay minerals in bulk samples. 
Sample Plagioclase K-Feldspar Quartz Dolomite Calcite 
MC Till Bulk 20 <5 45 10 20 
EKF 
A horizon 25 15 55 <5 <5 
B horizon 15 10 70 <5 <5 
C horizon 10 10 45 <5 30 
TL 
A horizon 20 5 70 nd nd 
B horizon 15 <5 80 nd nd 
C horizon 20 <5 50 nd nd 
WW 
A horizon 15 10 65 nd nd 
B horizon 25 10 45 nd nd 
C horizon 20 5 60 nd nd 
nd – not detected     
 
 
Table 3.3. Relative clay mineral percentages in the <2μm fraction of MC and EKF. 
Sample 
Relative Clay Mineral Abundances (%) 
Other phases 
Chlorite Illite Kaolinite 
MC 10 65 25 quartz, calcite, dolomite 
EKF 5 70 25 quartz, calcite 
 
3.3 OC and TN abundances, C/N and δ13C 
3.3.1 OC, TN, and C/N 
 The abundances of organic carbon (%OC), total nitrogen (%TN), atomic 
carbon/nitrogen (C/N), and δ
13
C of bulk vegetation, soil, and till samples collected from 
locations across Ontario are listed in Table 3.4. For plant samples, %OC is ≥40% at all 
sites, and %TN ranges from 0.65 to 1.24%. The %OC and %TN of soil samples prior to 
oxidation and HF-treatments (“no treatment” in Table 3.4) vary among sites and 
horizons. The %OC decreases with depth in all soil samples. The %OC also decreases 
with successive treatments performed on the <2μm fraction of the grassland soil and the 
glacial till (EKF and MC, respectively; oxidation, and oxidation + HF treatment). The 
%TN also decreases with depth in soils from forested sites (TL and WW). 
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Table 3.4. %OC, %N, C/N and δ
13
C or modern vegetation, soil, and till samples. 
 
Location Sample Type Fraction and/or treatment 
C  
(wt%) 
N 
(wt%) 
C/N 
δ
13
C (‰, 
VPDB) 
JBL Peat Sphagnum Whole plant, no treatment 42.17 0.65 75.44 –27.2 
EKF 
Vegetation Bromegrass Whole plant, no treatment 39.73 1.19 38.92 –28.5 
Orthic 
Melanic 
Brunisol 
A horizon 
Bulk soil horizon, no 
treatment 
0.31 0.04 9.04 –25.3 
B horizon 
Bulk soil horizon, no 
treatment 
0.29 0.03 10.84 –24.8 
C horizon 
Bulk soil horizon, no 
treatment 
0.21 0.05 5.38 –26.1 
C horizon <2μm fraction, no treatment 0.32 0.04 8.59 –26.4 
C horizon <2μm fraction, oxidized 0.12 0.03 5.34 –28.9 
C horizon 
<2μm fraction, oxidized and 
HF-treated 
0.05 0.01 6.55 N.A. 
TL 
Vegetation Sugar Maple Leaves, no treatment 43.83 0.98 52.44 –31.1 
Orthic 
Ferro-
Humic 
Podzol 
A horizon 
Bulk soil horizon, no 
treatment 
14.99 0.69 25.26 –26.1 
B horizon 
Bulk soil horizon, no 
treatment 
3.13 0.20 18.00 –25.0 
C horizon 
Bulk soil horizon, no 
treatment 
1.47 0.09 20.00 –26.2 
C horizon <2μm fraction, no treatment * * * * 
C horizon <2μm fraction, oxidized * * * * 
C horizon 
<2μm fraction, oxidized and 
HF-treated 
* * * * 
WW 
Vegetation Balsam Fir Needles, no treatment 46.33 1.24 43.68 –32.7 
Orthic 
Humo-
Ferric 
Podzol 
A horizon 
Bulk soil horizon, no 
treatment 
1.18 0.07 21.13 –26.1 
B horizon 
Bulk soil horizon, no 
treatment 
0.25 0.03 10.03 –24.9 
C horizon 
Bulk soil horizon, no 
treatment 
0.1 0.01 10.11 –21.4 
C horizon <2μm fraction, no treatment * * * * 
C horizon <2μm fraction, oxidized * * * * 
C horizon 
<2μm fraction, oxidized and 
HF-treated 
* * * * 
     MC            
Glacial Till Bulk sample, no treatment 0.14 0.01 12.67 –28.5 
Glacial Till <2μm fraction, no treatment 0.52 0.04 16.77 –28.3 
Glacial Till <2μm fraction, oxidized 0.25 0.02 12.62 –28.6 
Glacial Till 
<2μm fraction, oxidized and 
HF-treated 
0.05 0.01 9.79 N.A. 
* Indicates samples not analyzed because of a lack of clay in the C horizon (see Section 2.2.8) 
Results indicated in bold are the average of duplicate analyses 
N.A. - Not available because of incompatibility between EA-IRMS and hydrofluoric acid (HF) 
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C/N for characteristic vegetation at each site compares well with those reported 
previously for bromegrass (Ogle et al., 2004), balsam fir (Marty et al., 2011), sugar maple 
(Marty et al., 2011) and Sphagnum (Kuhry and Vitt, 1996). In the soil samples, the bulk 
horizon C/N generally decreases from the A horizon to the C horizon (Fig. 3.1), with 
forested sites (WW, TL) having higher percentages of OC in the A horizon than the 
grassland site (EKF). C/N for bulk A horizon soil samples is <10 for the grassland site 
(EKF) and >20 for forested sites (TL and WW). The bulk A horizon C/N for forested 
sites is typical of high OM soils (Chenu and Plante, 2006; Clemente et al., 2011). 
  
Figure 3.1. Change in C/N from vegetation (EKF – bromegrass whole plant, TL – sugar 
maple leaves, WW – balsam fir needles) to bulk horizon SOM (A, B, and C) with depth. 
Approximate depth ranges are as follows: EKF 0-70cm, TL 0-100cm, WW 0-110cm. 
Green and brown shading represents vegetation and soil samples, respectively. 
  
At the EKF site, C/N of OM associated with the untreated clay fraction (<2μm) of 
the C horizon are <10 (Table 3.4), which is characteristic of clay-associated OM (<20, 
and typically <10; Prahl et al., 1994; Mikutta et al., 2006; Dümig et al., 2012; Wang et 
al., 2013). The till from MC, by comparison, has a higher C/N (~17). Oxidation and HF-
treatment of the <2µm fraction resulted in a moderate lowering of C/N relative to the 
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untreated <2µm material (EKF: C/N=5-7 versus 9; MC: 10-13 versus 17; Table 3.4). As 
mentioned in Section 2.2.8, OM associated with clays at the WW and TL sites could not 
be analyzed given the paucity of clay in their C horizons. 
3.3.2 δ13C 
The δ
13
C of the modern vegetation (Sphagnum whole plant, bromegrass whole 
plant, balsam fir needles, sugar maple leaves) analyzed in this study (Table 3.4) are 
typical of the C3 photosynthetic pathway, and compare well with previously reported 
results from other localities for Sphagnum (Kuhry and Vitt, 1996), balsam fir (Lowdon 
and Dyck, 1974; Marty et al., 2011), sugar maple (Marty et al., 2011), and bromegrass 
(Wanek et al., 2001). Vegetation from forested sites (TL and WW) has more negative 
δ
13
C (< –31‰) than the Sphagnum (–27‰) and bromegrass (–28‰).  Bulk OM from soil 
horizons generally becomes enriched in 
13
C relative to plant matter with depth (Fig. 3.2).  
 
Figure 3.2. Change in δ
13
C from vegetation (EKF – bromegrass whole plant, TL – sugar 
maple leaves, WW – balsam fir needles) to bulk horizon SOM (A, B and C) with depth. 
Approximate depth ranges are as follows: EKF 0-70cm, TL 0-100cm, WW 0-110cm. 
Green and brown shading represents vegetation and soil samples, respectively.  
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The δ
13
C of the bulk till sample (MC; –28.5‰) compares well with the clay 
(<2μm; –28.3‰) and oxidized (–28.6‰) fractions (Fig. 3.3). The grassland (EKF) soil 
sample exhibits a decrease in δ
13
C from bulk C horizon (–26.1‰) and C horizon clay (–
26.4‰) to oxidized clay fraction (–28.9‰; Fig. 3.3). 
 
Figure 3.3. C/N and δ
13
C for samples collected across Ontario. Vegetation consisted of 
bromegrass (whole plant) OM at the EKF site, sugar maple (leaves) OM at the TL site, 
balsam fir (needles) OM at the WW site, and Sphagnum (whole plant) from James Bay 
Lowlands (JBL). Bulk sample represents the C horizon for EKF, WW and TL soils, and 
the undifferentiated sample of the MC till. Bulk clay is that in the <2µm fraction of the C 
horizon for EKF, and the <2µm fraction of the till for MC. ‘OM associated with clay’ is 
the oxidized +HF-treated fraction for C/N, and the oxidized fraction for δ
13
C.  
 
Figure 3.4 illustrates the variation in δ
13
C and C/N of vegetation at sites where 
soil was also collected (bromegrass whole plant, balsam fir needles, sugar maple leaves) 
and sediment samples (soils/till). A clear separation is evident between C/N of vegetation 
(>35) and sediment OM (<25). The surface and subsurface horizons in the forest soil 
samples (TL, WW) have C/N typical of degraded modern terrestrial OM (>10). The A 
and C horizons in EKF however show C/N typical of stable humic material (<10) or OM 
associated with clay minerals (Fig. 3.4; Table 3.4).  
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The ranges of δ
13
C for vegetation (–33 to –28‰) and EKF clay and MC till (–29 
to –26‰) overlap, and all bulk OM δ
13
C for soil horizons are higher (> –26‰) than the 
glacial till (MC) sample (< –28‰; Fig. 3.4; Table 3.4). OM from the A horizons of 
forested sites (TL and WW) is depleted of 
13
C relative to OM from the clay fraction of 
the grassland (EKF) soil and the glacial till (MC). OM in the clay fraction of the C 
horizon from the EKF site is enriched in 
13
C relative to bulk OM from the same horizon. 
The MC glacial till sample shows much less variation between bulk OM and OM in the 
clay fraction (<1‰). The glacial till (MC) and OM associated with clay minerals (<2μm 
fraction, oxidized) also exhibit a clear separation in δ
13
C from OM found within bulk soil 
horizon samples. 
 
Figure 3.4. δ
13
C versus C/N for vegetation (sites where soil samples were also collected), 
OM in bulk soil horizons and bulk till, and OM in both the untreated and oxidized <2μm 
fraction of EKF C horizon and MC till. Samples located within the blue shading represent 
OM analyzed in till sample (bulk till, <2μm fraction, and oxidized <2μm fraction). 
Samples located within the green shading indicate vegetation. Samples located within the 
brown shading indicate OM analyzed in soil samples (A, B and C horizons), bulk clay 
within the C horizon of EKF and MC, and OM associated with clay minerals in MC till 
and the EKF C horizon (<2μm oxidized). 
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3.4 n-Alkane abundances and δ13Cn-alkane 
3.4.1 n-Alkane abundances 
 The n-alkanes identified within each plant, soil, and till sample collected have 
carbon chain lengths ranging from C21 to C33 (Table 3.5). Typical n-alkane 
chromatograms are provided in Appendix I. Negligible amounts of C35 were found and 
are not considered further in this study. The average chain length (ACL) for the n-alkanes 
was calculated as follows: 
 ACL = (ΣCnn)/(ΣCn)     (3.1) 
where Cn is the relative abundance of n-alkane containing n carbon atoms (Chikaraishi 
and Naraoka, 2003). ACL provides an estimate of higher plant versus microorganism-
derived components of the alkane fraction; microorganisms typically exhibit a strong 
enrichment of short-chain homologues and contain relatively few long-chain homologues 
(Harwood and Russell, 1984). The samples generally contain negligible amounts of even-
chain n-alkanes, with the exception of OM from the clay fraction of EKF and both bulk 
and clay fractions of MC (Table 3.6). 
In the bromegrass whole plant sample collected from EKF (total n-alkane 
abundance 66.62μg/g; Appendix II), there is a unimodal distribution of n-alkanes in the 
C25 to C33 range (Fig. 3.5 i). The C31 n-alkane is most abundant, and mid-chain n-alkanes 
(C25) are less abundant. Bromegrass concentration of the C31 n-alkane was approximately 
20μg/g higher than C33 (Appendix II). This difference disappears in the A horizon as both 
abundances fall below 5μg/g (Appendix II). The soil sample collected from EKF (total n-
alkane abundance contained in bulk soil OM = 3.29μg/g; Appendix II) also exhibits a 
unimodal distribution of n-alkanes, which is strongest in the A horizon and diminishes 
towards the C horizon (Fig. 3.5 ii-iv; Table 3.6). There is a strong predominance of odd-
chain n-alkanes, with the highest abundance coming from the C31 n-alkane in both the A 
and B horizons. In the C horizon, a unimodal distribution is also apparent, but relative 
abundances of C27 to C33 are much smaller compared to the A and B horizons. C31 also 
has the highest abundance in the C horizon when compared to other chain lengths. 
 
 
42 
Table 3.5. Average n-alkane chain length (ACL), n-alkane chain length range (Crange), most 
abundant n-alkane (Cmax), and average δ
13
Cn-alkane for modern vegetation, soils and till samples. 
Sample Fraction and/or treatment ACL Crange Cmax 
**Average 
δ
13
Cn-alkane 
(‰, VPDB) 
JBL Sphagnum Whole plant, no treatment 25 C21-C31 C25 –32.8 
EKF 
Bromegrass Whole plant, no treatment 31 C25-C33 C31 –37.8 
A horizon Bulk soil horizon, no treatment 31 C23-C33 C31 –35.1 
B horizon Bulk soil horizon, no treatment 31 C27-C33 C31 –32.5 
C horizon Bulk soil horizon, no treatment 30 C25-C33 C31 –32.3 
C horizon <2μm fraction, no treatment 28 C21-C33 C27 –30.7 
C horizon <2μm fraction, oxidized 26 C21-C31 C21 –31.5 
C horizon 
<2μm fraction, oxidized + HF-
treated 
28 C21-C33 C29 –31.4 
TL 
Sugar 
Maple 
Leaves, no treatment 29 C23-C33 C29 –33.7 
A horizon Bulk soil horizon, no treatment 29 C21-C33 C29 –33.1 
B horizon Bulk soil horizon, no treatment 27 C21-C33 C29 –33.6 
C horizon Bulk soil horizon, no treatment 27 C21-C33 C29 –33.8 
C horizon <2μm fraction, no treatment * * * * 
C horizon <2μm fraction, oxidized * * * * 
C horizon 
<2μm fraction, oxidized + HF-
treated 
* * * * 
WW 
Balsam Fir Needles, no treatment 29 C21-C33 C31 –33.4 
A horizon Bulk soil horizon, no treatment 28 C21-C33 C29 –33.7 
B horizon Bulk soil horizon, no treatment 28 C21-C31 C29 –33.1 
C horizon Bulk soil horizon, no treatment 31 C31 C31 –33.0 
C horizon <2μm fraction, no treatment * * * * 
C horizon <2μm fraction, oxidized * * * * 
C horizon 
<2μm fraction, oxidized + HF-
treated 
* * * * 
MC         
Glacial Till Bulk sample, no treatment 28 C21-C33 C21 –31.5 
Glacial Till <2μm fraction, no treatment 27 C21-C33 C27 –31.4 
Glacial Till <2μm fraction, oxidized 26 C21-C33 C21 –31.7 
Glacial Till 
<2μm fraction, oxidized + HF-
treated 
27 C21-C33 C27 –31.4 
**Average δ
13
Cn-alkane is a weighted average of odd-chain n-alkanes (based on each chain length abundance 
in the sample; see Appendices II and III for sample-specific data) 
* Indicates samples not analyzed due to a lack of clay in the C horizon (see Section 2.2.8) 
Values in bold indicate samples that included even-chain n-alkanes in the ACL calculation 
N/A – not evident as clay fractions contained relatively even distributions of odd- and even-chain n-alkanes 
Crange – range of carbon chain lengths for n-alkanes appearing in the chromatogram 
Cmax – the most abundant n-alkane homologue, calculated using abundance data in μg/g (Appendix II) 
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Table 3.6. Relative abundance of n-alkanes in the modern vegetation, soil and till samples.** 
  
Sample Fraction and/or treatment 
Relative abundance (calculated as percentage of total n-alkanes) 
C21 C22 C23 C24 C25 C26 C27 C28 C29 C30 C31 C32 C33 
JBL Sphagnum Bulk tissue 14 * 24 * 30 * 15 * 9 * 8 * 
 
EKF 
Bromegrass Bulk tissue * * * * 1 * 2 * 16 * 57 * 24 
A horizon Bulk soil horizon * * 1 * 2 * 8 * 21 * 45 * 23 
B horizon Bulk soil horizon * * * * * * 5 * 20 * 39 * 36 
C horizon Bulk soil horizon * * * * 10 * 17 * 21 * 31 * 21 
C horizon <2μm fraction 4 7 7 9 9 8 11 8 11 6 10 4 4 
C horizon <2μm fraction oxidized 26 * 12 * 11 * 19 * 17 * 15 * * 
C horizon <2μm fraction oxidized + HF-treated 6 * 10 * 14 * 22 * 23 * 20 * 5 
TL 
Sugar Maple Bulk tissue * * 1 * 4 * 25 * 39 * 28 * 3 
A horizon Bulk soil horizon 2 * 3 * 4 * 16 * 41 * 23 * 11 
B horizon Bulk soil horizon 13 * 17 * 5 * 12 * 24 * 18 * 11 
C horizon Bulk soil horizon 40 * 20 * * * * * 20 * 20 * * 
C horizon <2μm fraction - - - - - - - - - - - - - 
C horizon <2μm fraction oxidized - - - - - - - - - - - - - 
C horizon <2μm fraction oxidized + HF-treated - - - - - - - - - - - - - 
WW 
Balsam Fir Bulk tissue 8 * 4 * 5 * 19 * 20 * 24 * 19 
A horizon Bulk soil horizon 10 * 6 * 7 * 23 * 26 * 14 * 14 
B horizon Bulk soil horizon 11 * 11 * 11 * 21 * 31 * 15 * * 
C horizon Bulk soil horizon - - - - - - - - - - 100 - - 
C horizon <2μm fraction - - - - - - - - - - - - - 
C horizon <2μm fraction oxidized - - - - - - - - - - - - - 
C horizon <2μm fraction oxidized + HF-treated - - - - - - - - - - - - - 
MC  
Glacial Till Bulk sample 11 10 10 8 9 6 9 5 9 4 11 3 5 
Glacial Till <2μm fraction 7 8 9 10 10 8 11 8 10 5 7 3 3 
Glacial Till <2μm fraction oxidized 22 * 12 * 13 * 15 * 17 * 14 * 6 
Glacial Till <2μm fraction oxidized + HF-treated 7 * 13 * 17 * 25 * 21 * 14 * 4 
** Concentrations in µg/g are provided in Appendix II 
* Detected in minimal quantities 
- Fractions not analyzed due to paucity of clay in sample 
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Figure 3.5. n-Alkane relative abundances (%) by chain length with depth in three soil 
profiles. 
 
Sugar maple leaves (total n-alkane abundance 47.63μg/g; Appendix II) collected 
from TL also exhibit a normal distribution of odd-chain n-alkanes, which range from C23 
to C33, peak in abundance at C29, and decrease uniformly towards both longer and shorter 
chain lengths (Fig. 3.5v). The distribution of abundances of each n-alkane in the 
vegetation are almost mirrored in the A horizon, with only C33 having a higher abundance 
in the A horizon than the sugar maple leaves. The n-alkanes range from C21 to C33 in all 
soil horizons. The C29 n-alkane is also most abundant in the A horizon of the TL soil 
sample, and the relative abundance of >C29 n-alkanes is higher than those <C29. The B 
and C horizons contain multimodal distributions with each n-alkane from C21 to C33 
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having approximately equal abundances (C29 is slightly higher than other odd-chain n-
alkanes in B horizon). From the surface (A) horizon to the mineral (C) horizon, there is a 
noticeable decrease in the abundance of long-chain n-alkanes.  
In the balsam fir needles collected from the WW site (total n-alkane abundance 
10.09μg/g; Appendix II), n-alkanes from C27 to C33 have an approximately equal 
distribution (Fig. 3.5 ix; Table 3.6), and mid-chain lengths (C23, C25) having lower 
abundance. The n-alkane abundances in the balsam fir needles are much lower (<2.5μg/g; 
Appendix II) than in the vegetation sampled from EKF and TL (0.2 to 38μg/g; Appendix 
II). Chain lengths C21 to C25 are present, but have low abundances relative to longer 
chains. C31 is the dominant n-alkane in the vegetation, and the only n-alkane detected in 
the C horizon of the soil sample. The concentrations of other odd-chain n-alkanes (C21 to 
C29) decrease markedly from the A horizon to the B horizon and were not present in the 
C horizon (Fig. 3.5 x-xii). Abundances of C21 to C33 n-alkanes from the surface (A) soil 
horizon are minor compared to the other forest soil sample (TL; <1μg/g; Appendix II), 
and the C29 and C31 n-alkanes are dominant. In the B horizon all odd-chain n-alkanes 
display relatively uniform abundances. Overall abundance of n-alkanes in the B and C 
horizons are 0.179μg/g and 0.094μg/g, respectively (Appendix II). 
The MC till sample (total n-alkane abundance of bulk till OM 1.80μg/g; Appendix 
II) displays a broad bimodal n-alkane distribution, with the C21 and C31 chains having the 
highest relative abundances (Fig. 3.6 v; Table 3.6). Even-chain n-alkanes have much 
higher relative abundances in this till sample than in the soil samples from other sites. 
There is a slight odd-over-even predominance for the C27 to C33 n-alkanes (Fig 3.6 v). 
The MC <2µm fractions contain n-alkanes ranging from C21 to C33, with n-alkane 
concentrations decreasing from the <2µm fraction to the oxidized + HF-treated <2µm 
fraction (Fig. 3.6 vi; Appendix II). There is generally no predominance of odd- over 
even-chain lengths in the <2µm, oxidized <2µm, and oxidized + HF-treated <2µm 
fractions. Most chain lengths have approximately equal concentrations, except for the 
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oxidized + HF-treated <2µm fraction in which C27 and C29 have slightly higher 
abundances than the other chain lengths. 
 
Figure 3.6. Relative abundances (%) of n-alkanes in EKF soil and MC till for bulk 
samples and clay within those bulk samples after various OM removal treatments. 
 
The strong C31 signal in the EKF C horizon is not as apparent in its clay fraction 
(<2µm; Fig. 3.6 ii; Table 3.6). Instead, a uniform distribution of n-alkanes from C21 to 
C33 is present, with a slight dominance of odd- over even n-alkanes. The oxidized <2µm 
fraction (Fig. 3.6 iii, along with the oxidized + HF-treated <2µm fraction (Fig 3.6 iv), 
exhibit broadly similar patterns. There is a slight decrease (by ~0.03 to 0.07µg/g; 
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Appendix II) in n-alkane abundances from EKF <2µm to EKF <2µm, oxidized + HF-
treated. In the EKF sample, ACL decreased from 31 to 28 from the bromegrass whole 
plant to the C horizon <2µm, oxidized + HF-treated fraction, from 31 to 30 from A to C 
horizon, and from 30 to 28 from bulk C horizon to C horizon <2µm, oxidized + HF-
treated fraction (Table 3.5). At the MC site, ACL decreased from the bulk sample (28) to 
the <2µm fraction, no treatment (27), but increased from 26 to 27 from <2µm, oxidized 
fraction to the <2µm, oxidized + HF-treated fraction (Table 3.5).  
Odd-chain n-alkanes in the JBL Sphagnum sample are distributed from C21 to C31, 
with C23 and C25 having the highest relative abundances (Fig. 3.7; Table 3.6). Only trace 
amounts of even-chain n-alkanes are present in this sample. Abundances of C23 and C25 
(4.247µg/g and 5.194µg/g; Appendix II) were much higher in this sample compared to all 
other vegetation. 
 
Figure 3.7. Relative abundances (%) of n-alkanes in Sphagnum moss. 
3.4.2 δ13Cn-alkane 
Values of δ
13
Cn-alkane range from –39 to –28‰ for vegetation, soils and till 
(Appendix III). For bulk soil horizons of EKF, TL, and WW, mid-chain (C23, C25) and 
long-chain n-alkanes have average values of –31.5±1.9‰ (SD, n=15) and –33.4±1.7‰ 
(SD, n=64), respectively. Only one short-chain n-alkane (from the bulk soil horizon of 
WW was measurable (δ
13
Cn-alkane = –31.6±0.1‰; n=2) (Appendix III). 
Figure 3.8 illustrates the change in δ
13
Cn-alkane with depth for bulk OM from the A 
to C horizons of EKF (i), TL (ii), and WW (iii) soils. All n-alkane chain lengths in EKF 
generally show 
13
C-enrichment with depth. δ
13
Cn-alkane for the EKF bromegrass whole 
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plant ranged from –39 to –33‰ (Fig 3.8 i). Values of δ
13
Cn-alkane for the A to C horizons 
are higher than for the bromegrass, and show less of a isotopic spread of values among 
the various n-alkanes (Fig 3.8). Carbon-isotope compositions of mid-chain n-alkanes (C23 
and C25), however, were not measurable at the EKF grassland site.  
Values of δ
13
Cn-alkane in the TL sugar maple leaves and WW balsam fir needles 
ranged from –37 to –32‰ and –35 to –31‰, respectively (Fig. 3.8 ii and iii; Appendix 
III). The forest soil samples from TL and WW continue to show a wide spread in δ
13
Cn-
alkane from vegetation to soil profile with depth (Fig. 3.8 ii and iii).  
 
Figure 3.8. Depth versus δ
13
Cn-alkane for bulk OM for vegetation through to the A to C 
horizons: (i) EKF, (ii) TL, and (iii) WW. Approximate depth ranges are as follows: EKF 
0-70cm, TL 0-100cm, WW 0-110 cm. Green and brown shading represents vegetation 
and soil samples, respectively. 
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Average δ
13
Cn-alkane of the <2µm fraction and <2µm, oxidized + HF-treated 
fraction clay differed by less than 1‰ for both EKF (Fig. 3.9 i) and MC (Fig 3.9 ii; Table 
3.5). At EKF, bulk OM in the C horizon sediment was ~1-7‰ more enriched of 
13
C than 
the bromegrass. The <2µm of the C horizon was enriched of 
13
C by ~2‰ compared to the 
bulk OM sample from the C horizon (Table 3.5). OM associated with <2µm clay 
(oxidized + HF-treated) generally exhibits 
13
C depletion with increasing n-alkane chain 
length (Fig. 3.9) for both MC and EKF samples. The n-alkanes of vegetation at the EKF 
site are generally depleted of 
13
C compared to those from soil horizons, bulk <2µm clay, 
and <2µm clay that underwent the oxidation + HF treatments.  
 
 
Figure 3.9. δ
13
Cn-alkane of vegetation (Ekfrid bromegrass, EKF), soil (EKF) and till 
(Medway Creek, MC) sample. Vegetation was bromegrass (whole plant) at the EKF site. 
Bulk sample represents the C horizon for the EKF soil, and an undifferentiated sample of 
the MC till. Bulk clay refers to OM contained in the <2µm fraction of the C horizon for 
EKF, and the <2µm fraction of the till for MC.  ‘OM associated with clay’ refers to the 
oxidized + HF-treated <2µm fraction for both MC and EKF. 
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Chapter 4  
4 Discussion 
4.1 C/N and δ13C of OM 
The C/N and δ
13
C of OM in Late Pleistocene glacial sediments (~15,000 to 
11,700 BP) from Lake Ontario do not allow us to unambiguously distinguish between 
contributions from allocthonous terrestrial OM and changes in primary productivity 
recorded by autochthonous OM. Traditional interpretation of these OM proxies in 
paleoclimate reconstruction can be found in Silliman et al. (1996), who determined that 
C/N increased from 4 in glacial sediments to 8 in postglacial sediments from Lake 
Ontario. They postulated that low C/N could be attributed to OM from lacustrine algae 
and that the upward increase indicated a shift to terrestrial OM input after deglaciation. 
The δ
13
COM of core examined by Silliman et al. (1996) ranged from –28.0 to –25.5‰ and 
they noted that these values spanned the range of both lacustrine algae and terrestrial C3 
plants.  
More recently, however, Wang et al. (2013) showed that organic matter bound to 
clay minerals can have a C/N of ~9 and noted that C/N decreases as mineral-associated 
OM becomes resistant to further degradation. Hladyniuk and Longstaffe (2015) also 
determined that the C/N of bulk OM from three cores of late Pleistocene Lake Ontario 
sediments averaged between 6.6 and 9.3, and that average δ
13
COM ranged from –28.9 to –
27.2‰. Considering that glacial conditions at the time likely were not conducive to high 
aquatic productivity as otherwise would be suggested by such C/N, Hladyniuk and 
Longstaffe (2015) hypothesized that the dominant source of OM that entered ancestral 
Lake Ontario was that bound to soil clay minerals. Hyodo and Longstaffe (2011a) 
reached similar conclusions for Early Holocene sediments from Lake Superior. We 
therefore aimed to assess if these C/N and isotopic signatures measured for Lake Ontario 
or Lake Superior glacial sediments resembled those of OM sorbed on soil clay minerals 
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in the Great Lakes region. The general idea is that similar soil clays formed during 
interglacials were transported to the Great Lakes by the LIS.  
In order to recognize possible original sources of organic matter sorbed on soil 
clays we determined the extent of signal transfer from plant to soil, to soil clay for a 
typical, regional grassland (EKF), and two forest soil profiles (TL, WW), and one till 
(MC). Using C/N and the δ
13
C of vegetation and SOM we assessed the potential for 
preservation of original vegetation signals throughout these three soil profiles. We further 
evaluated whether SOM (both free and bound) is represented well by current surface 
vegetation when considering both C/N and δ
13
C. This was accomplished by comparing 
vegetation to bulk OM in a soil profile (EKF), and bulk OM (EKF and MC) to that bound 
to clays (<2μm fraction, oxidized (δ
13
C) + HF-treated (C/N, δ
13
Cn-alkane) of the C horizon 
(EKF) and glacial till (MC). TL and WW forest soils could not be analyzed for bound 
OM because of the paucity of clay in these samples.  
As described in the following discussion, three possibilities exist for the origin of 
clay-associated OM in EKF and MC: (1) OM is degraded remains of plant tissue from 
modern vegetation and/or microbial biomass, (2) OM is degraded remains of ancient 
vegetation and/or microbial biomass, or (3) OM represents a mix of modern and ancient 
vegetation and/or microbial biomass. The likelihood of each possibility has been assessed 
by examining depth trends in each soil horizon and comparing results for free and bound 
OM from the EKF soil and MC glacial till samples. 
4.1.1 Depth trends in bulk SOM (EKF, TL, WW) 
The transformation of plant litter to SOM primarily depends on surface soil 
conditions and subsequent changes in those conditions with depth. Carbon loss and the 
associated loss of OM through a soil profile are widely considered an indicator of SOM 
mineralization (Ostrowska and Porębska, 2015). Microorganisms, fungi and bacteria that 
decompose OM have a high demand for N as they generally have a C/N lower than the 
vegetation on which they feed (Gioacchini et al., 2006). The changes in the amount of 
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organic C (%OC), total N (%TN), and C/N with depth are thus typically used as tracers 
of SOM decomposition. In the current study, the OC and TN contents of all soils fell 
within the ranges reported in published literature (Zhao et al., 2015), and A horizons from 
forested sites (TL, WW) had higher OC and TN contents than the A horizon at the 
grassland site (EKF; Table 4.1). The amount of OC decreases with depth in all soil 
samples (Table 4.1), but the LOI data show an increase in carbon content from the B 
(2%) to C (6%) horizon of the EKF soil (Table 3.1). This may indicate that a relatively 
high percentage of organic matter is contained within in clay aggregates (i.e. EKF C 
horizon, <2µm fraction), as the LOI method utilized a larger grain size (2mm sieve; 
section 2.2.1) compared to the EA method (0.5mm sieve; section 2.2.4). The TN content 
also decreases with depth in the forest soils, but increases slightly in the grassland (EKF) 
soil from B to C horizon (Table 4.1). Small amounts of N have shown to be preserved in 
clay aggregates (EKF C horizon, <2µm fraction; von Lutzow et al., 2006), which may be 
the cause of this increase. It is also possible that bromegrass plant roots end in the C 
horizon, increasing the N input from exudates and/or plant roots themselves.  
 
Table 4.1. Summary of soil horizon data for grassland (EKF) and forest sites (TL, WW). 
Sample 
OC 
(wt%) 
TN  
(wt%) 
C/N 
δ
13
C (‰, 
VPDB, 
Suess- 
corrected) 
ACL Cmax 
Average 
δ
13
Cn-alkane 
(‰, VPDB) 
EKF 
Bromegrass 39.73 1.19 38.92 –26.7 31 C31 –37.8 
A horizon 0.31 0.04 9.04 –25.3 31 C31 –35.1 
B horizon 0.29 0.03 10.84 –24.8 31 C31 –32.5 
C horizon 0.21 0.05 5.38 –26.1 30 C31 –32.3 
TL 
Sugar Maple 43.83 0.98 52.44 –29.3 29 C29 –33.7 
A horizon 14.99 0.69 25.26 –26.1 29 C29 –33.1 
B horizon 3.13 0.20 18.00 –25.0 27 C29 –33.6 
C horizon 1.47 0.09 20.00 –26.2 27 C29 –33.8 
WW 
Balsam Fir 46.33 1.24 43.68 –30.9 29 C31 –33.4 
A horizon 1.18 0.07 21.13 –26.1 28 C29 –33.7 
B horizon 0.25 0.03 10.03 –24.9 28 C29 –33.1 
C horizon 0.10 0.01 10.11 –21.4 31 C31 –33.0 
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C/N for vegetation fell within the ranges reported in published literature (Kuhry 
and Vitt, 1996; Ogle et al., 2004; Marty et al., 2011), and C/N of fresh OM in soils (A 
horizon OM) is typically similar to the material from which it was derived (>10; Table 
4.1). The ensuing selective degradation of plant remains is attributed to microbial 
immobilization of nitrogen-bearing substances in conjunction with the remineralization 
of carbon (Sollins et al., 1984; Müller and Mathesius, 1999). This generally results in 
decreasing C/N throughout a soil profile towards C/N similar to those of aquatic algae 
(Zhao et al., 2015) or stabilized OM (Wang et al., 2013; e.g., EKF C horizon, <10). For 
forested sites (TL, WW), C/N of SOM in the A horizon are typical of high OM soils 
(>20; Chenu and Plante, 2006; Clemente et al., 2011). From the A to C horizon at TL and 
WW, C/N decrease with depth to values that are still >10 in the C horizon, most likely 
indicating primarily modern terrestrial plant-derived OM. The A and C horizons in the 
EKF soil, however, have low C/N (<10; Wang et al., 2013), possibly indicating plant 
degradation and contributions from microbial OM. The B horizon has a relatively high 
C/N (>10) compared to the other EKF bulk horizons (Table 4.1; Fig. 3.1), which arises 
from its low TN content compared to other EKF horizons.  
As OM decomposes and labile components are preferentially used, and as particle 
size generally decreases with depth, there is an increase in concentration of chemically 
recalcitrant material such as alkyl structures (Lorenz et al., 2007). This loss of aromatic C 
with depth and decreasing particle size is also associated with a decrease in C/N (von 
Lutzow et al., 2007; Zhao et al., 2015). Since more clay was present in the C horizon 
compared to the A and B horizons of EKF (Table 3.1), C/N would be expected to have 
decreased with depth. In EKF, however, low C/N (5 to 11) occur throughout the entire 
soil profile compared to plant matter (bromegrass, 39; Fig. 3.1, Table 4.1). As noted 
earlier, organic matter bound to clay minerals (C horizon, <2µm fraction oxidized + HF-
treated) can have a C/N of ~9 or lower as mineral-associated OM resists further 
degradation (Wang et al., 2013). We suggest that the OM in the EKF soil is most likely 
intimately associated with clays; it may have an origin different from, and perhaps is 
older than, the overlying bromegrass.   
 
 
 
 
54 
At the forest sites (TL, WW), there were higher amounts of clay in the A and B 
horizons than the C horizon (Table 3.1). OM is most likely loosely associated with these 
clays. The Ferro-Humic Podzol at TL contains a Bhf horizon (Table 3.1) typically 
enriched in Al and Fe (Soil Classification Working Group, 1998) and containing more 
than 5% organic C (Soil Classification Working Group, 1998). Sorption of organic matter 
onto clays can be enhanced when Al
3+
 or Fe
3+
 are present to neutralize the negative 
surface charge and the charge on a deprotonated organic functional group (Sparks, 2003). 
This sorption limits movement of clays to the C horizon and promotes aggregate 
formation (Fig. 1.3), which protects fresh OM from degradation and results in high OC 
and TN contents in the surface (A) horizon of TL (Table 4.1). Similarly, at the WW site 
(coniferous forest, soil is Humo-Ferric Podzol; Table 3.1), the acidic soil is developed on 
sandy glacial outwash where there are relatively few fauna (e.g. earthworms) present to 
effectively mix the soil. This limits downward movement of clay suspended in solution 
through the soil profile, resulting in a concentration of clays in the surface (A) horizon 
(Table 3.1). This again facilitates aggregate formation, resulting in the higher OC and TN 
contents of the WW A horizon versus other horizons (Table 4.1).  
Baldock and Skjemstad (2000) determined that organic C losses from SOM 
fractions are a result of microbial activity, and von Lutzow et al. (2007) noted that SOM 
in the clay fraction was dominated by microbially derived metabolites. C/N is therefore 
an indicator of multiple processes associated with carbon mineralization. Hence, low C/N 
(<10) could be indicative of ancient plant SOM of a lacustrine origin or OM whose 
original C/N had been modified by interaction with and addition of OM from microbial 
sources. Hence, the usefulness of C/N as an OM source tracer in terrestrial systems is 
questionable when used alone.  
In the present study, carbon-isotope compositions were also investigated as a 
possible tracer of OM source from plant to soil. Enrichment in 
13
C with depth is well 
documented in forest soils where δ
13
C can increases by up to 3-4‰ relative to the litter 
layer (Nadelhoffer and Fry, 1988; Balesdent et al., 1993; Huang et al., 1996; Boström et 
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al., 2007). In modern soils, up to 1.8‰ of this apparent 
13
C-enrichment can typically be 
attributed to the Suess effect – the increase in atmospheric CO2 concentration since the 
Industrial Revolution – resulting in a decrease in δ
13
C of modern versus ancient 
vegetation (Verburg, 2007). The δ
13
C of modern C3 plants that dominate southern 
Ontario ranges from –30 to –23‰ (Meyers and Teranes, 2001); after a Suess correction 
factor of +1.8‰, the equivalent range for δ
13
C in ancient C3 plants is –28.2 to –21.2‰. In 
order to compare SOM to modern vegetation collected for this study, this correction 
factor has been applied to δ
13
C of modern vegetation. Ancient bromegrass (EKF) would 
therefore have had an average δ
13
C of –26.7‰ (modern –28.5‰), sugar maple (TL) δ
13
C 
of –29.3‰ (modern –31.1‰), and balsam fir (WW) δ
13
C of –30.9‰ (modern –32.7‰). 
After accounting for the Suess effect, the carbon-isotope signal still exhibits 
13
C-
enrichment from plant matter to C horizon soil OM where EKF shifts least, by +0.6‰ (–
26.7 to –26.1‰), TL shifts by +3.1‰ (–29.3‰ to –26.2‰) and WW shifts the most, by 
+9.5‰ (–30.9‰ to –21.4‰). The large shift in δ
13
C of the C horizon for WW is well 
outside the range known for decomposition effects. This difference can most likely be 
attributed to a change in, and/or additional sources of OM. These sources may have 
included macrophytes or C4 plants during soil development since the last glaciation, 
which have (C4), or can have (macrophytes), higher δ
13
C.  
Various hypotheses exist to explain 
13
C-enrichment with depth in soils, including 
preferential decomposition of 
13
C-depleted components such as lignin (Tu and Dawson, 
2005), addition of microbial products to OM with depth (Bostrom et al., 2007), protection 
and stabilisation of certain biochemical compounds after microbial transformation (e.g. n-
alkanes; Rumpel et al., 2002; Kaiser et al., 2001), and discrimination against 
13
C during 
decomposition (Nadelhoffer and Fry, 1988). The possibility also exists that the vegetation 
collected at each site (EKF, TL, WW) is not representative of all plant litter that has 
grown at each site over time, resulting in mixing between modern and ancient plant 
microbial biomass. If there is stabilisation of alkyl compounds, or if OM in stable soil 
fractions (<2μm) is the product of microbial decay, n-alkane analysis (abundance and 
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δ
13
Cn-alkane) of bulk versus clay fractions may allow us to identify the cause of the ~1-
10‰ enrichment with depth that cannot be attributed to the Suess effect (see section 4.2).  
4.1.2 Changes with OM removal treatments in <2μm fraction (EKF, MC) 
Carbon and nitrogen contents in soil are a function of soil texture and SOM 
stability in different size fractions; C/N therefore depends on the distribution of active 
(easily mineralized) versus passive (stable) fractions in SOM (Pińeiro et al., 2006). On 
one hand, minerals such as quartz that are abundant in surface horizons have weak 
bonding affinities to SOM. Clay-sized particles, on the other hand, and clay minerals in 
particular, have larger surface areas with many reactive sites where SOM can be adsorbed 
by strong ligand exchange and polyvalent cation bridges. Intercalation of OM within the 
mineral structure can also occur for smectite-group clay minerals (Theng et al., 1986; 
Righi et al., 1995). In clay-rich soils, there is therefore a higher capacity to protect OM 
from mineralization via adsorption onto mineral surfaces (<2μm fraction, oxidized, and 
oxidized + HF-treated) and/or through clay aggregation (<2μm fraction). Several studies 
have determined that n-alkanes are most abundantly found within mineral associations 
(Baldock and Skjemstad, 2000; Wiesenberg et al., 2010; Dümig et al., 2012), and it is 
these biopolymers should be the most resistant to degradation.   
 
Figure 4.1. Organic carbon (%OC) and total nitrogen (%TN) contents of the EKF soil and 
MC till.  
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Table 4.2. Summary data for grassland (EKF) and glacial till (MC) samples. 
In this study, both OC and TN contents decrease with successive treatments 
performed on the <2μm fraction of the grassland soil (EKF) and the glacial till (MC) 
(Fig. 4.1; Table 4.2). Through mimicking the oxidation process in soil (EKF) by treating 
the samples with Na2S2O8 to remove free OM, the organic carbon content (%OC) is 
reduced from 0.32 to 0.12%, while the total nitrogen (%TN) content is reduced 
proportionally much less from 0.04 to 0.03% (Fig. 4.2; Table 4.2). After HF-dissolution 
of the clay minerals, there is a further lowering of OC and TN contents (0.12 to 0.05% 
and 0.03 to 0.01%, respectively; Table 4.2). This indicates that oxidation to remove OM 
from the <2µm material failed to release a minor amount of organic C, and that the HF-
Location 
Sample 
Type 
Fraction and/or 
treatment 
OC 
(wt%) 
TN 
(wt%) 
C/N 
δ
13
C (‰, 
VPDB, 
Suess- 
corrected) 
ACL Cmax 
Average 
δ
13
Cn-alkane 
(‰, 
VPDB) 
EKF 
Brome-
grass 
Whole plant, no 
treatment 
39.73 1.19 38.92 –26.7 31 C31 –37.8 
A horizon 
Bulk horizon, no 
treatment 
0.31 0.04 9.04 –25.3 31 C31 –35.1 
B horizon 
Bulk horizon, no 
treatment 
0.29 0.03 10.84 –24.8 31 C31 –32.5 
C horizon 
Bulk horizon, no 
treatment 
0.21 0.05 5.38 –26.1 30 C31 –32.3 
C horizon 
<2μm fraction, no 
treatment 
0.32 0.04 8.59 –26.4 28 C27 –30.7 
C horizon 
<2μm fraction, 
oxidized 
0.12 0.03 5.34 –28.9 26 C21 –31.5 
C horizon 
<2μm fraction, 
oxidized and HF 
treated 
0.05 0.01 6.55 N.A. 28 C29 –31.4 
MC 
Glacial 
Till 
Bulk sample, no 
treatment 
0.14 0.01 12.67 –28.5 28 
C21, 
C31 
–31.5 
Glacial 
Till 
<2μm fraction, no 
treatment 
0.52 0.04 16.77 –28.3 27 C27 –31.4 
Glacial 
Till 
<2μm fraction, 
oxidized 
0.25 0.02 12.62 –28.6 26 C21 –31.7 
Glacial 
Till 
<2μm fraction, 
oxidized and HF 
treated 
0.05 0.01 9.79 N.A. 27 C27 –31.4 
N.A. - Not available because of incompatibility between EA-IRMS and hydrofluoric acid (HF) 
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treatment isolated a more resistant OM fraction having a structure rich in C and poor in N 
in both the grassland soil (EKF) and the glacial till (MC). We argue that this recalcitrant 
OM contains n-alkanes, which contain no N, plus some other compounds that contribute 
the small amount of N. Since proteinaceous materials from microbial synthesis are most 
likely the major contributor of N in soils (Friedel and Scheller, 2002; Dümig et al., 2012), 
and studies have found microbially derived carbohydrates and proteins associated with 
clays (Kögel Knabner, 2002; von Lutzow et al., 2006; Dümig et al., 2012), it is possible 
that the minor amount of TN remaining after oxidized + HF-treatment is microbial 
byproducts. However, illite has also been shown to release NH4
+
 from the interlayer 
space (Środoń, 2010), offering another possible contributing source of N.  
 
Figure 4.2. Change in C/N from surface horizon (EKF) or bulk fraction (MC) to clay 
fractions after various OM removal treatments. 
 
At the EKF grassland site, C/N of OM in the untreated bulk clay fraction (<2μm) 
of the C horizon is <10 (Fig. 4.2; Table 4.2), which is characteristic of clay-associated 
OM potentially originating from a more ancient OM source  (Prahl et al., 1994; Baisden 
et al., 2002; Mikutta et al., 2006; Dümig et al., 2012; Wang et al., 2013). The untreated 
MC till bulk clay fraction (<2μm), by comparison, has a much higher C/N (~17) possibly 
characteristic of degraded modern terrestrial plant OM and/or the addition of some 
microbially generated biomass.  
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Subsequent oxidation and HF treatment of the <2µm fraction at both EKF and 
MC resulted in a lowering of C/N relative to the untreated <2µm material (EKF: C/N=5-7 
versus 9; MC: 10-13 versus 17; Fig. 4.2; Table 4.2). Clay minerals protect and/or 
stabilize OM by reducing its exposure to oxidation. For the EKF grassland soil sample, 
the HF-treatment should have released this oxidation-resistant fraction and hence provide 
the C/N of clay-associated and likely the oldest OM in the system (Kögel-Knabner et al., 
2008). By comparison, the similarly extracted OM from the MC till likely provides a 
sample of soil clay-associated OM of the sort transported by glacial processes into the 
lower Great Lakes system. Once introduced into a lacustrine system, it is commonly 
assumed that OM most strongly sorbed to clays (i.e. the oxidized + HF-treated fraction in 
this study) is largely inaccessible to microbes during natural degradation processes. 
Dümig et al. (2012) studied the properties of a chronosequence to elucidate the 
evolution of organo-mineral associations, where glacially-derived foreland soils (15, 75, 
and 120 years) were compared to mature soils outside a proglacial area (>700 years and 
<3000 years). As foreland soils developed (75 and 120 years), an increasing amount of 
microbial-derived carbohydrates and proteins accumulated. OM resistant to H2O2 
oxidation (comparable to our Na2S2O8 oxidation treatment) also exhibited consistently 
low C/N, indicating strong associations between proteinaceous compounds and mineral 
surfaces. Further, clay fractions from the foreland soils had lower C/N (9-11) than those 
from the mature soils (12-14). Dümig et al. (2012) concluded that, after 700 years of soil 
development, alkyl C had accumulated, changing the C/N of clay fractions from 10 to 13. 
At least for this example, the traditional interpretation of lower C/N indicating increased 
mineralization is not accurate. The same C/N pattern is apparent in the present study (Fig. 
4.3). Assuming that the glacial till sample (MC) contains OM sorbed to clays from soils 
that existed prior to the last glaciation, we observe higher C/N in the treated clay fractions 
(oxidized, oxidized + HF-treated) of the till (10-13) than in the EKF grassland soil (5-7) 
(Table 4.2), which has developed since the LIS retreated.  
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In Dümig et al. (2012), GM/AX ratios were used for identification of OM sources. 
Oades (1984) first used the ratio of galactose plus mannose to arabinose plus xylose 
(GM/AX) (ie. the relative proportions of microbial and plant polysaccharides) to 
determine the origin of OM in different particle fractions. Microbial and plant 
polysaccharides contain mainly galactose and mannose (GM), and arabinose and xylose 
(AX), respectively. The ratio of these two groupings is greater than 2 for microbial 
polysaccharides, and less than 0.5 for plant polysaccharides.  Using these GM/AX ratios, 
Dümig et al. (2012) determined that carbohydrates (O-alkyl C) in clay fractions of glacier 
foreland and mature soils (equivalent to the <2μm fraction for EKF and MC, 
respectively) were predominantly derived from microbial input. Low C/N (9-11; Dümig 
et al., 2012) also pointed to the prevailing microbial origin of clay-bound OM as bacterial 
biomass has only slightly lower C/N of 5-8 (Paul and Clark, 1996). Dümig et al (2012) 
therefore concluded that formation of organo-mineral associations began with sorption of 
proteins and carbohydrates in glacier foreland soils (15 to 120 years; increasing GM/AX 
ratios greater than 2), followed by the accumulation of alkyl compounds in mature soils 
(700+ years; decreasing GM/AX ratios less than 2). We therefore argue that the C/N of 
SOM can decrease with increasing degradation in soils (Fig. 4.3; von Lutzow et al., 2007; 
Zhao et al., 2015) as proteinaceous compounds accumulate, but after more extensive soil 
development (~700+ years) C/N can then rise as n-alkanes accumulate and become most 
strongly bound with clay minerals. 
Figure 4.3 illustrates the predicted trends in C/N and δ
13
C as n-alkanes 
accumulate in soils and become sorbed to clay minerals. As degradation proceeds in soils 
(i.e. from A to C horizon), enrichment occurs in 
13
C from plant to SOM with depth. If n-
alkanes are accumulating in the bound OM fraction (i.e. the oxidized and oxidized + HF-
treated fractions; Schweizer et al., 1999; Mikutta et al., 2006; Clemente et al., 2011; 
Dümig et al., 2012), depletion of 
13
C from the C horizon, to C horizon clay-fraction, to 
oxidized clay-fraction should also occur as lipids are generally depleted of 
13
C relative to 
bulk plant material (Deines, 1980; Boutton, 1996; Kodina, 2010).  
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The δ
13
C of the EKF bulk clay fraction (<2µm; –26.4‰) compares well with bulk 
OM in the EKF C horizon (–26.1‰), and has C/N (8.59) within the range of the bulk B 
(10.84) and C (5.38) horizon OM (Fig. 4.3 Table 3.3). While there is 
13
C-enrichment 
from plant to SOM in EKF (section 4.1.1), OM remaining in the oxidized clay fraction is 
depleted of 
13
C (<2μm fraction, oxidized –28.9‰) compared to plant OM (–26.7‰), and 
OM associated with bulk clay (–26.4‰; Table 3.3). By comparison, microorganisms 
have been found to have higher δ
13
C by 2-4‰ compared to associated plant matter 
(Högberg et al., 1999; Taylor et al., 2003). The source of clay-associated OM in EKF 
(<2μm oxidized) is therefore likely not dominated by microbial products, but microbes 
could be the contributor of minor amounts of N found within this fraction, and the 
oxidized + HF-treated fraction. Lower carbon-isotope compositions of the oxidized clay 
fraction thus likely indicate the accumulation of n-alkanes, which have lower δ
13
C than 
bulk OM.   
 
Figure 4.3. δ
13
C versus C/N for OM examined in this study, showing general fields for 
free OM in soils, sorbed OM in soils, and Suess-corrected plant litter. Lacustrine algae 
(black box) data are from Meyers (1994).  
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The MC glacial till sample shows very limited variation in δ
13
C (<1‰) between 
bulk OM and OM in the clay (<2µm) fraction. The δ
13
C of OM associated with clay 
minerals (<2µm) in the oxidized clay fraction of EKF (–28.9‰) also compares well with 
all fractions analyzed from MC (–28.6 to –28.3‰; Table 3.4, Figure 4.4). This similarity 
may be a coincidence. That said, it could also indicate that the clay-associated OM in 
EKF (<2μm, oxidized) is the most resistant, and perhaps the oldest fraction of OM in the 
soil that has accumulated since the last glaciation. In the future, we will use radiocarbon 
dating to evaluate this possibility. 
 
Figure 4.4. Change in δ
13
C from vegetation (EKF, Suess-corrected) or bulk fraction OM 
(MC) to clay fraction OM after various treatments. 
 
4.2 n-alkane abundances and δ13Cn-alkane of SOM 
Alkanes are an effective molecular proxy for source identification of OM. As was 
described earlier, the n-alkane abundances of land plants of higher origin are typically 
dominated by long-chain homologues (C27-C33) that exhibit an odd-over-even 
predominance (Eglinton and Hamilton, 1967). These signals are used to identify 
vegetation shifts and environmental trends, as well as the degradation of organic matter in 
soils and sediments (Huang et al., 1997; Marseille et al., 1999; Otto et al., 2005; Feng and 
Simpson, 2007; Sinninghe Damsté et al., 2011; Wiesenberg et al., 2015). Our aim was to 
use this molecular proxy approach to further assist in distinguishing degraded SOM from 
 
 
 
 
63 
lacustrine algae, as C/N and bulk OM δ
13
C lack the power to discriminate uniquely 
between these two sources.  
Although the fate and biotransformation of soil lipids are not well understood 
given the highly dynamic nature of terrestrial soils, it is commonly accepted that the 
alkane fraction is highly resistant to degradation (Ficken et al., 1998; Huang et al., 1997; 
Street-Perrott et al., 1997) due to a lack of functional groups that are targets for microbial 
attack (Lichtfouse, 1998). Since SOM constitutes a key terrestrial input into aquatic 
sediments, a combined analytical approach of measuring individual n-alkane abundances 
and carbon-isotope
 
compositions has been applied in several studies to identify OM 
sources (Huang et al., 1996; Chikaraishi and Naraoka, 2006; Sinninghe Damsté et al., 
2011). n-Alkanes have also been shown to preferentially sorb onto soil clays (Baldock 
and Skjemstad, 2000; Chen and Chiu 2003; Mikutta et al., 2006; Dümig et al., 2012). We 
therefore analyzed n-alkanes to determine if the combined signals of C/N, δ
13
C, n-alkane 
abundance, and δ
13
Cn-alkane (or any combination of the four) could be used to obtain a 
distinct set of signatures for the sources of OM associated with clay minerals in soils. 
4.2.1 Depth trends in bulk SOM (EKF, TL, WW) 
All horizons in the three soil samples (EKF, TL, WW) show odd-over-even 
predominance (OEP) of long-chain n-alkanes (C27 to C31) derived from higher plants 
(Table 3.6; Eglinton and Hamilton, 1963). The n-alkane abundances in the TL A horizon 
were much higher than the other two soils (Table 3.6), likely indicating a high OM input 
and confirming the presence of an organic horizon (Table 3.1) containing modern OM. 
C27 was the dominant n-alkane in TL A and B horizons, and C31 was the dominant n-
alkane in all EKF horizons, a trend typical of the current plant matter at each site (TL: 
sugar maple, EKF: grass; Table 3.4). Interestingly, C31 was also the dominant n-alkane in 
the balsam fir plant matter from WW; Maffei et al. (2004) have previously reported that 
needles from coniferous trees are enriched in this chain length relative to others. Aerobic 
conditions maintained in the WW profile due to the sandiness of the soil (Table 3.1), 
however, would also have allowed for extensive oxidative microbial degradation. Weete 
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(1976) has reported production of this n-alkane homologue by microbes, which opens the 
possibility of a change in source OM at WW from modern plant matter (A and B horizon) 
to modern microbial sources (C horizon).  
Figure 3.5 illustrates the changes in relative abundances of individual n-alkanes 
with depth in the soil profiles. Previous studies have shown that from plant to soil, the 
proportion of mid- (C23 and C25; Almendros et al., 1996) and long-chain (C27 to C31) n-
alkanes increased (Huang et al., 1996). Some studies have also reported the increasing 
contribution of C23, C25 and C27 by fungi with depth (Weete, 1976; Marseille et al., 1999) 
Such increases are most apparent in the present study throughout the TL (C23 and C25) 
soil profile, and in WW (C23, C25, and C27) down to, and including, the B horizon (Table 
3.6; Fig. 3.5). In EKF, the C25 homologue appears in the C horizon (10%) but is not 
present in the B horizon, and the abundance of C27 increases from A to C horizon. The 
possibility of fungal contributions to the n-alkane signature is cause for concern when 
interpreting organic matter sources in soils and lacustrine sediments; C23 and C25 n-
alkanes can also be contributed by emergent/submergent macrophytes, Sphagnum 
mosses, microbial byproducts, or may simply be the degradation products of long-chain 
n-alkanes from higher terrestrial plants. Accordingly, we have examined whether the 
δ
13
Cn-alkane of individual n-alkanes can assist in sorting among these possibilities for mid-
chain homologues in soils. 
Wiesenberg et al. (2004) determined that the δ
13
Cn-alkane of long-chain (C27, C29, 
C31, C33) n-alkanes of terrestrial C3 plants range from –42 to –36‰, where n-alkanes were 
depleted by ~9‰ compared to bulk plant carbon-isotope compositions. The long-chain 
δ
13
Cn-alkane of our vegetation samples from all sites indicate C3 OM sources, but have a 
slightly higher range (–39 to –31‰; Appendix III) than reported by Wiesenberg et al. 
(2004). Long-chain δ
13
Cn-alkane of bulk SOM at all sites ranges from 6 to 15‰ more 
depleted of 
13
C than bulk OM (Appendix III).  
Similar to bulk OM, long-chain n-alkane 
13
C-enrichment with depth in soil has 
been reported, ranging from ~1‰ (Wang et al., 2014) to ~13‰ (Chikaraishi and 
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Naraoka, 2006) in plant-soil systems. Possible causes of this 
13
C-enrichment include 
higher atmospheric δ
13
CCO2 in the past, changes in environmental conditions that affect 
C-isotope fractionation within plants, contribution of 
13
C-rich n-alkanes from microbes, 
and/or fractionation of n-alkanes during degradation. 
Long-chain n-alkanes (C27, C29, C31, C33) in EKF exhibit the expected 
13
C-
enrichment from plant to soil, and with depth in SOM. The smallest enrichment occurs 
for C33 (~ +1‰) and the largest for C27 (~ +4‰; Appendix III). The weighted average 
δ
13
Cn-alkane of long-chain n-alkanes in EKF exhibits ~3‰ enrichment from the A (–35‰) 
to C horizons (–32‰; Table 4.1). As for bulk OM, up to ~1.8‰ of this enrichment can be 
attributed to the Suess effect. Soil age, however, also typically changes with depth, which 
likely makes the Suess effect less pronounced in the C horizon compared to the A 
horizon. The δ
13
Cn-alkane ranges from –39 to –33‰ in the EKF bromegrass whole plant 
and from –36 to –34‰ in EKF A horizon bulk SOM (Appendix III). The range of δ
13
Cn-
alkane in bulk SOM from the EKF C horizon is much narrower (–33 to –32‰; Appendix 
III) than in the A horizon. The C horizon values compare well to results obtained by 
Hladyniuk (2014) for glacial sediment OM from Lake Ontario, where long-chain n-
alkanes (C27, C29 and C31) had an average δ
13
Cn-alkane of ~ –33‰. This close comparison 
could indicate a similar OM source, potentially of OM present in stable microaggregates 
in soils (von Lutzow et al., 2006). 
The long-chain (C27 to C33) δ
13
Cn-alkane of the TL sugar maple leaves and WW 
balsam fir needles range from –37 to –33‰ and –35 to –31‰, respectively (Appendix 
III). The forest soil samples from TL and WW show more variable patterns, and a 
continued wide spread in long-chain δ
13
Cn-alkane from vegetation through the soil profile; 
values range from –36 to –30‰ and –35 to –33‰ in the C horizons of TL and WW, 
respectively (Fig. 3.8 ii-iii; Appendix III). Many of the long-chain n-alkanes in these 
forest soils exhibit 
13
C-enrichment with depth, but others are characterized by 
13
C-
depletion with depth. The comparable range of long-chain δ
13
Cn-alkane at both sites 
suggests a similar carbon substrate for and pathway for photosynthesis, likely being 
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atmospheric CO2 and C3, respectively. That said, the factors affecting long-chain δ
13
Cn-
alkane with depth in high OM systems such as TL and WW forest sites appear to be 
complex, as demonstrated by the absence of predictable patterns with depth. Using long-
chain δ
13
Cn-alkane alone to identify OM sources is therefore is inadvisable.  
Mid-chain (C23 and C25) δ
13
Cn-alkane were measured in all horizons of the forest 
soil samples with the exception of C23 in the C horizon of TL. For the forest sites (TL, 
WW), the δ
13
Cn-alkane of mid-chains (TL: C23, –33 to –31‰, C25,  –32 to –28‰; WW: C23, 
–33 to –30‰, C25, –35 to –29‰,) and long-chains  (TL: C27, –33 to –30‰, C29, –36 to –
35‰, C31, –34 to –33‰, C33, –36 to –30‰; WW: C27, –36 to –33‰, C29, –35 to –34‰, 
C31, –33‰, C33, –35 to –31‰) are all comparable (Appendix III). Since these signals are 
present in forested sites that have primarily developed since the last glaciation, it is likely 
that these mid-chain n-alkanes were derived from modern plant OM. However, the first 
landscapes following deglaciation likely included boreal, tundra, and/or wetlands, from 
which macrophyte or Sphagnum moss OM may have been incorporated into the oldest 
OM found at TL and WW.  
4.2.2 Changes with OM removal treatments in <2μm fraction (EKF, MC) 
 In previous work, up to 60% of total soil lipids have been recovered from the 
mineral fractions of soils (represented in the present study as the <2μm, oxidized + HF-
treated fraction; Wiesenberg et al., 2010), which demonstrates the strong protection of 
lipids by clay mineral surfaces. Although higher plants are dominated by long-chain n-
alkanes with an odd-over-even predominance (OEP; Eglinton and Hamilton, 1967), 
short- (≤C21), mid (C23 and C25), and even-chain (C22 to C32) n-alkanes have been 
identified in clay fractions in soils (Weete, 1976; Marseille et al., 1999; Clemente et al., 
2011).  
 In the present study, the decrease in bulk OM (%OC and %TN; Table 3.3) 
contents with depth and after various treatments is accompanied by a decrease in percent 
relative abundance of n-alkanes (Table 3.6) in the C horizon <2µm fraction of EKF, 
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indicating some degradation in the soil profile. The rate of loss from the C horizon <2μm 
fraction to treated <2µm fractions (oxidized, oxidized + HF-treated) for bulk OM (%OC 
and %TN; Table 4.2) is much higher than for long-chain n-alkane abundances (Table 
3.6), indicating better preservation of these biopolymers compared to the bulk organic 
compounds (Fig. 4.5).  
 
Figure 4.5. Change in bulk OM (wt% OC and TN) and relative percentage of long chain 
n-alkanes in EKF and MC with depth and after various treatments.  
 
Figure 3.6 and Table 3.6 show that there is a decrease in long-chain (C27 to C33) n-
alkanes from the EKF C horizon to the EKF C horizon <2µm fraction. Short- (≤C21), 
mid- (C23 and C25), and even-chain (C22-C32) biomarkers also appear in approximately 
equal concentrations to the long-chain n-alkanes in the EKF C horizon <2µm fraction. 
Wiesenberg et al. (2010) noted the strong presence of microbially-derived, unsaturated, 
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short-chain fatty acids within the aggregate fraction (occluded particulate OM; i.e. the 
EKF C horizon <2μm fraction) when compared to bound OM in soils (i.e. the oxidized 
and oxidized + HF-treated fractions from EKF C horizons). Microbes can produce both 
short- and mid-chain n-alkanes. Minor amounts of microbially-derived substances within 
aggregates of this fraction (EKF C horizon 2µm fraction) may therefore be responsible 
for the minor amounts of N (0.04%; Table 4.1), the 
13
C-enrichment (–26.4‰; Table 4.1) 
and the loss of OEP for n-alkanes common in higher terrestrial plant OM in soils.  
After oxidation of the EKF C horizon <2μm fraction (to remove free OM), there 
is a substantial decrease in the concentrations of all n-alkane homologues along with an 
increase in C21 and the loss of C33 compared to the EKF C horizon <2μm fraction 
(Appendix II, Table 4.2). This oxidation treatment appears to have isolated a fraction 
with a lower ACL, and shifted Cmax from C27 (typically produced by higher terrestrial 
plants) to C21 (typically produced by microbes and algae) (Table 4.2). With oxidation + 
HF treatment, there is an increase in concentration of long-chain n-alkanes (≥C27; Fig. 
4.5) and the reappearance of C33 compared to the EKF-oxidized <2µm clay. There is also 
emergence of the OEP in the oxidized and HF-treated <2µm fraction in EKF, albeit not 
as pronounced as these signals in the original vegetation or A horizon (Appendix I; Table 
3.6). In the EKF oxidized and HF-treated <2µm fraction, ACL increases and Cmax shifts 
back to C27 (Table 4.2). We argue that this demonstrates the protection of higher plant n-
alkanes by clay minerals in soils. Wiesenberg et al (2010) has also demonstrated that 
long-chain, plant-derived biopolymers showed the strongest association with mineral 
surfaces when compared to microbially-derived components. 
In MC, the bulk till is characterized chromatographically by an unresolved 
complex mixture (UCM, elevated background from 16 to 31 min; Fig. 4.6). Such 
elevated UCM humps are typical of petroleum originating from anthropogenic sources 
such as urban runoff and waste treatment plants (Frysinger et al., 2003). The exposure of 
this till sample to Medway Creek water, which is commonly contaminated by 
hydrocarbons, is a likely explanation of this UCM. Anthropogenic contamination may 
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therefore have also contributed to the content of short-chain alkanes (≤C21) in this bulk 
till (Frysinger et al., 2003). From the MC bulk till to the MC <2μm fraction (Table 3.6) 
there is a significant reduction in C31 and C33 abundance. Bardgett et al. (2007) 
demonstrated that ancient organic carbon is crucial to heterotrophic microbe activity in 
recently exposed glacial till, given the otherwise low amounts of carbon available. Hence, 
protected OM within aggregates (MC <2μm fraction) of the high-clay content MC glacial 
till could be a significant carbon source for microbes, from which one consequence could 
include degradation of long-chain n-alkanes. Where the till is exposed to river water, it 
may also contain modern aquatic OM within the bulk sample, creating a more even 
distribution of odd- and even-chain alkanes. With the successive treatments of this 
sample however, the short-chain lengths (≤C21) disappear, the abundance of mid-chain 
lengths (C23 and C25) decreases, and there is an increase in higher plant n-alkane 
biomarkers (≥C27) (Appendix I; Table 3.6). These features point towards preservation of 
original source OM signals in the clay-associated n-alkanes of such tills.  
 
Figure 4.6. Chromatogram of unresolved complex mixture (UCM, elevated background 
from 16 to 31 min) in MC bulk till. IS refers to internal standard. 
   
 Despite initial differences between the n-alkane abundance in the EKF C horizon 
and bulk MC till (Fig. 3.6), the isolated clay (<2µm) fractions and isolated 
oxidized/oxidized + HF-treated OM from both sites have very similar n-alkane 
distributions (Fig. 4.7). This potentially supports the idea of a similar source for OM in 
bound fractions of EKF soil (Fig. 4.7 i) and MC till (Fig. 4.7 ii). The Lake Ontario pattern 
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(Hladyniuk, 2014; Fig. 4.7 iii) is similar, except for the higher relative abundances of 
mid-chain homologues in the Lake Ontario glaciolacustrine sediment. This increase in the 
Lake Ontario sample could reflect increased contribution of OM from Sphagnum moss in 
the tundra environment that would have been prevalent at the forefront of the advancing 
glacier. Sphagnum moss typically contains high abundances of C23 and C25 (Fig. 3.7, this 
study; Bingham et al., 2010). Another possibility is that the C23 and C25 chain lengths 
were contributed by microbes, as the relative abundances of n-alkanes in the Lake 
Ontario glaciolacustrine sediments (Fig. 4.7 iii) are similar to that of the MC clay (Fig. 
4.7 ii).   
 
Figure 4.7. Relative abundances of n-alkanes in oxidized + HF treated <2µm clay for (i) 
EKF soil, (ii) MC till, and (iii) Lake Ontario glaciolacustrine sediments (iii: error bars 
represent standard deviation from Hladyniuk, 2014). The red line represents the general 
distribution for each sample type.  
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Comparison of δ
13
Cn-alkane among sites and treatments may be helpful in 
elucidating the OM sources contributing to Lake Ontario glacial sediments. C3 plant-
derived n-alkanes typically have δ
13
C of –35 ± 5‰ in soils (Huang et al., 1996; Brincat et 
al., 2000; Schwab et al., 2015) and sediment (Feng et al., 2013), and long-chain n-alkanes 
are typically depleted of 
13
C compared to mid- and short-chain alkanes (Feng et al., 
2013). This pattern is also apparent in our study, where on average mid-chain n-alkanes 
(EKF, –30.2‰; MC, –29.7‰) are 2‰ more enriched in 
13
C than long-chain n-alkanes 
(EKF, –32.0‰; MC, –31.9‰) for oxidized + HF-treated <2µm clay fractions in EKF and 
MC (Appendix III). Hladyniuk (2014), however, reported very similar average δ
13
Cn-alkane 
for mid- (–32.5‰) and long-chain n-alkanes (–32.9‰) in the glaciolacustrine sediments 
of Lake Ontario (15,000-11,700 cal BP). From this Hladyniuk (2014) concluded that a 
similar carbon substrate was available for photosynthesis, likely atmospheric CO2. The 
average δ
13
Cn-alkane for mid-chain n-alkanes of Sphagnum collected in this study, 
however, is –31.7‰ (Appendix III). Similarly, δ
13
Cn-alkane of long-chain n-alkanes of the 
<2μm, oxidized + HF-treated fraction for EKF and MC are –32.0 and –31.9‰, 
respectively. This likely indicates an OM source other than Sphagnum for mid-chain n-
alkanes in glaciolacustrine sediments of Lake Ontario, possibly degraded OM associated 
with soil clay minerals.  
The weighted average δ
13
Cn-alkane in the EKF and MC samples ranges from –35 to 
–30‰ (Fig. 4.8 Table 4.2) in both bulk clay (<2μm fraction) and clay-associated OM 
(<2μm fraction, oxidized + HF-treated), all indicating C3 OM sources. The EKF A 
horizon OM δ
13
Cn-alkane of the dominant n-alkane (Cmax; C31; –35.5‰) is closer to that of 
OM associated with clay minerals in the C horizon (<2μm, oxidized + HF-treated; –
34.5‰) than OM in the bulk C horizon (OM –32.4‰; Appendix III). From this, it could 
be suggested that OM associated with clay minerals in the EKF soil (C horizon, <2μm, 
oxidized + HF-treated) likely originates from the modern vegetation. However, the δ
13
Cn-
alkane for C31 of OM associated with clay in the EKF C horizon (<2μm fraction, oxidized + 
HF-treated; –34.5‰) also compares well with the same treated fraction in MC (–34.4‰; 
Appendix III). Since the vegetation at MC (deciduous forest; not analyzed) is different 
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from the vegetation at the EKF site (grassland), the Cmax signal of clay-associated OM at 
EKF may instead be indicative of ancient OM associated with clays in soils and tills. A 
definitive conclusion is not possible from these limited δ
13
Cn-alkane data. 
The δ
13
Cn-alkane of other long-chain homologues from EKF versus MC do not 
compare as well (Appendix III), and Figure 4.8 illustrates that there is significant 
variation in δ
13
C for vegetation and bulk OM from all three soils (EKF, TL, WW). By 
comparison, bulk MC till, bulk MC <2µm clay, MC oxidized <2µm clay, and EKF 
oxidized <2µm clay fractions cluster together at average values of ~ –28.5‰ (bulk OM 
δ
13
C) and –31.5‰ (δ
13
Cn-alkane) (Fig. 4.8). We postulate that these carbon-isotope 
compositions are the signatures of OM associated with clay minerals. These results, 
together with C/N >10 (but much <20) and n-alkane relative abundance distributions, are 
similar to, and likely proxies for, C3 OM sources from higher plants in soils and 
glaciolacustrine sediments.   
Figure 4.8. Average δ
13
Cn-alkane versus bulk OM δ
13
C of vegetation, soil and till from the 
JBL, EKF, TL, WW and MC sites. Average δ
13
Cn-alkane is a weighted average of odd-
chain n-alkanes (based on each chain length abundance in the sample). 
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Figure 4.9 further demonstrates that OM most intimately associated with clays 
(2μm, oxidized and HF-treated fraction) shows the best preservation of dominant long-
chain homologues (Fig. 4.9), making n-alkanes a reliable proxy for the original source 
OM signals. As degradation proceeds in soils, the high OEP observed for both high (TL, 
i: WW, ii) and low OM soils (EKF, iii) can be expected to disappear with depth (Fig. 
4.9). This is accompanied by a decrease in C/N and enrichment in 
13
C (Table 4.1). The 
OM fraction that accumulates in the untreated clay (<2μm) fraction in both soil (EKF; 
Fig 4.9 iv) and till (MC; Fig 4.9 vi) exhibited increased abundances of short-chain 
homologues, indicating additional OM sources (likely microbial byproducts). Isolating 
the OM intimately associated with clay minerals (oxidized + HF-treated) in the soil (Fig. 
4.9 v) and till (Fig. 4.9 vii) however, appears to concentrate long-chain n-alkanes 
(Appendix II) that have δ
13
Cn-alkane more similar to higher plant biomarkers. We therefore 
suggest that the long-chain n-alkanes associated with clay minerals be isolated and 
analyzed for carbon-isotope composition when seeking such information for soils and/or 
sediments. In summary, the n-alkane biopolymers that reflect OM origin most accurately 
are those protected by clay minerals (Dümig et al., 2012; Feng et al., 2013).  
 For the glaciolacustrine sediments (~15,000 to 11,700 BP) of Lake Ontario, 
Hladyniuk (2014) noted the apparently contradictory nature of some signals for OM 
origin: (i) C/N of <10 indicating algal productivity, (ii) bulk OM δ
13
C of –27‰ 
suggesting C3 vegetation sources, and (iii) n-alkane abundances characteristic of OM 
derived from macrophytes (high contents of C23 and C25) and/or Sphagnum moss (Nott et 
al., 2000; Pancost et al., 2002). Hladyniuk (2014) also noted that for sediments deposited 
after 14,500 cal BP, the presence of long-chain n-alkanes (C27, C29, C31) signified OM 
input from higher terrestrial plants. Hladyniuk (2014) further showed that long- (C27, C29 
and C31) and mid-chain (C23 and C25) n-alkanes had comparable average δ
13
Cn-alkane (–
32.9‰ and –32.5‰, respectively). We suggest, that this could indicate microbially 
degraded OM associated with clay minerals, as δ
13
Cn-alkane of mid-chain n-alkanes of 
Sphagnum collected in this study is –31.7‰.  
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Figure 4.9. Relative abundance of n-alkanes for high (TL and WW) and low OM (EKF) soil and for various fractions of soil (EKF) 
and till (MC). Red markers indicate δ
13
Cn-alkane for individual chain lengths of each sample (see Appendix III) Blue lines indicate 
weighted average of δ
13
Cn-alkane for each sample (Table 3.5). 
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Chapter 5  
5 Conclusions and Future Work 
Bulk C/N and δ
13
C, and n-alkane relative abundance distributions and δ
13
Cn-alkane 
provide insights into the sources of OM within soils and sediments of southern Ontario. 
Collectively, these data allow us to evaluate whether SOM (both free and bound) reflects 
current surface vegetation, other, likely older sources, OM degradation and/or some 
combination of these factors. Through this analysis we are also able to better evaluate the 
proxy signals preserved in Great Lakes glacial sediments and determine whether they are 
allochthonous, terrestrial inputs or the product of autochthonous, lacustrine productivity.  
5.1 Key conclusions 
1. As degradation proceeds in soils, C/N of SOM decreases from surface (A) 
horizons (>20, forested sites with high OM input; <20 at sites with low OM 
input) to mineral (C) horizons. In mineral horizons, C/N >10 (but much <20) 
are likely indicative of OM associated with clay minerals. Small enrichments 
in 
13
C typically occur with depth in soils and likely result from addition of 
microbial products.  Large enrichments in 
13
C (e.g. WW; + 9.5‰) are needed 
to confidently identify a change in the source of OM. 
2. Oxidation with Na2S2O8 fails to remove a minor amount OM, which then can 
be released from the clay minerals with which it is associated by treatment 
with HF. This resistant OM fraction is rich in C and poor in N, and is 
enriched in n-alkanes. It likely also contains minor amounts of microbially- 
derived carbohydrates and/or proteins or possibly NH4
+
 released from clays.  
3. Clay-associated OM in the EKF soil (C horizon, <2μm fraction, oxidized + 
HF-treated) has low C/N (5-7) when compared to similar OM in the MC till 
(C/N, 10-13; <2μm fraction, oxidized + HF-treated). We argue that the C/N 
of bulk horizon SOM can decrease with increasing degradation (and 
presumably, depth) in soils and as microbial byproducts accumulate. After 
more extensive soil development (~700 years; Dumig et al., 2012), however, 
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C/N of clay-associated OM in the C horizon (i.e. the oldest) can then begin to 
rise again as n-alkanes accumulate and become strongly bound to clay 
minerals. 
4. Although there is 13C-enrichment from plant to SOM at the EKF site, OM in 
the C horizon, <2μm oxidized fraction is depleted of 
13
C (–28.9‰) compared 
to plant OM (–26.7‰) and bulk clay (C horizon, <2μm fraction, –26.1‰). 
Since microorganisms typically have higher δ
13
C than associated plant 
matter, the clay-associated OM in EKF (C horizon, <2μm fraction, oxidized) 
is likely not dominated by microbial products.  
5. The close similarity in δ13C between OM from all fractions at the MC site (–
28.5 to –28.3‰) and OM associated with clay minerals at the EKF site (C 
horizon, <2μm fraction, oxidized; –28.9‰) suggests that the latter is the most 
resistant, and oldest OM fraction in the EKF soil.  
6. In soils the proportion of mid-chain n-alkanes (C23 and C25) can be expected 
to increase with depth, likely because of addition of microbial products. Loss 
of the n-alkane odd-over-even preference (OEP) may also point to the 
degradation of long-chain n-alkanes by microbes. 
7. The range of δ13Cn-alkane in bulk SOM from the EKF C horizon is much 
narrower (–32 to –31‰) than in the surface (A) horizon. These C horizon 
values compare well to results obtained by Hladyniuk (2014) for glacial 
sediment OM from Lake Ontario, where long-chain n-alkanes (C27, C29 and 
C31) had an average δ
13
Cn-alkane of ~ –33‰. This close comparison could 
indicate a similar OM source. 
8. There is a decrease in long-chain (C27 to C33) n-alkanes from the EKF C 
horizon to the EKF C horizon <2µm fraction. Short- (≤C21), mid- (C23 and 
C25), and even-chain (C22 to C32) biomarkers also appear in approximately 
equal concentrations to the long-chain n-alkanes in the EKF C horizon <2µm 
fraction. Microbes can produce short-, mid-, and even-chain n-alkanes, 
making them a likely source of these chain lengths within the EKF C horizon 
<2μm fraction.  
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9. From bulk C horizon and bulk till, to the <2μm fraction, to the <2μm oxidized 
fractions, to the oxidized + HF-treated fractions in both soil and till, there is a 
decrease in the abundance of short- (≤C21) and mid-chain lengths (C23 and 
C25), a reappearance of OEP, and a shift in Cmax from shorter chain lengths 
likely derived from microbial byproducts to longer chain lengths indicative of 
higher terrestrial plants. These signals all point towards the protection of 
higher plant n-alkanes in the clay-associated OM in soils and tills.  
10. The isolated <2µm, oxidized + HF-treated fractions from both EKF and MC 
have very similar n-alkane distributions, suggestive of a similar source. The 
Lake Ontario pattern (Hladyniuk, 2014) is similar, except for higher relative 
abundances of mid-chain (C23 and C25) homologues. For the Lake Ontario 
sample, these mid-chain abundances could reflect an increased contribution 
from Sphagnum moss or from microbial activity, but based on δ
13
Cn-alkane 
likely indicate contributions from microbially derived OM and/or degraded 
OM associated with clay minerals. 
11. Bulk MC till, bulk MC <2µm clay, MC <2µm oxidized, and EKF <2µm 
oxidized fractions cluster together at average δ
13
Cbulk of ~ –28.5‰ and δ
13
Cn-
alkane of –31.5‰. We conclude that these carbon-isotope compositions are the 
signatures of OM associated with clay minerals. These results, together with 
C/N >10 (but much <20) and n-alkane relative abundance distributions, are 
similar to, and likely proxies for, C3 OM sources from higher plants in soils 
and glaciolacustrine sediments from southern Ontario.  
12. OM associated with clay minerals in soils and till (<2µm, oxidized, and 
oxidized +HF-treated fractions) is enriched in long-chain n-alkanes relative to 
other soil and till fractions, and has δ
13
Cn-alkane most similar to higher plant 
biomarkers. We suggest that the n-alkane biopolymers that reflect OM origin 
most accurately are those protected from degradation by close association 
with clay minerals.  
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5.2 Future work 
 This study suggests that isolation and analysis of OM associated with clay 
minerals through oxidation and HF-treatment can be used to identify the source of OM in 
soils and glacial sediments of the Great Lakes region. In the present study, however, 
statistical evaluation of our findings was not possible due to the small sample size. To 
apply our findings more broadly requires a much larger sample population. In addition, 
the approaches used in this study should be applied across a larger number of soil types 
with a wider range of modern vegetation cover. The approach could also be tested on 
soils where a significant change in vegetation is known to have occurred at a time distant 
enough in the past for the change to be reflected in SOM. Additionally, a pollen study 
could be used to assist in determining the types of vegetation that have contributed to the 
SOM at each site.  
Radiocarbon dating would also be extremely helpful in identifying the age of OM 
fractions in order to test for differences between modern and ancient sources. Some 
methodological changes, however, would be necessary as 
14
C dating is not possible after 
oxidation of Na2S2O8, due to the buffering with NaHCO3, which could contaminate the C-
reservoir of the sample. Alternative oxidation treatments, e.g. NaOCl, should be tested as 
that treatment extracts comparable amounts of free OM as the Na2S2O8 oxidation 
approach (von Lutzow et al., 2007).  
 An independent means of distinguishing between plant and microbial OM in 
various soil fractions (clay aggregates versus OM associated with clay minerals) would 
strengthen the understanding of OM sources. Plant-derived lipids are known to have large 
proportions of long-chain fatty acids, whereas higher proportions of short-chain fatty 
acids characterize microorganism-derived lipids (Hardwood and Russell, 1998). Study of 
this and other microbial biomarkers (e.g. storage triglycerols or GM/AX ratios), in 
combination with δ
13
Cn-alkane analysis and radiocarbon dating should be undertaken for the 
various OM fractions extracted from the soil. 
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Appendices 
 
Appendix I provides the gas chromatograph spectra used to determine n-alkane 
abundances. IS refers to internal standard.  
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Appendix II reports the n-alkane abundances of vegetation, soil, and till samples. 
Sample Fraction and/or treatment 
n-alkane abundance (μg/g) 
C21 C22 C23 C24 C25 C26 C27 C28 C29 C30 C31 C32 C33 
JBL Sphagnum Whole plant, no treatment 2.484 * 4.247 * 5.194 * 2.654 * 1.608 * 1.374 * * 
EKF 
Bromegrass Whole plant, no treatment * * * * 0.832 * 1.250 * 10.896 * 37.918 * 15.721 
A horizon Bulk soil horizon, no treatment * * 0.017 * 0.035 * 0.177 * 0.475 * 1.046 * 0.537 
B horizon Bulk soil horizon, no treatment * * * * * * 0.032 * 0.121 * 0.342 * 0.217 
C horizon Bulk soil horizon, no treatment * * * * 0.028 * 0.048 * 0.062 * 0.091 * 0.061 
C horizon <2μm fraction, no treatment 0.036 0.064 0.066 0.077 0.080 0.073 0.097 0.066 0.100 0.054 0.086 0.038 0.038 
C horizon <2μm fraction, oxidized 0.039 * 0.018 * 0.016 * 0.027 * 0.025 * 0.021 * * 
C horizon <2μm fraction, oxidized + HF-treated 0.008 * 0.014 * 0.019 * 0.030 * 0.032 * 0.028 * 0.007 
TL 
Sugar 
Maple 
Leaves, no treatment * * 0.282 * 2.057 * 12.017 * 18.485 * 13.236 * 1.555 
A horizon Bulk soil horizon, no treatment 0.554 * 0.807 * 1.150 * 4.696 * 11.529 * 6.495 * 3.081 
B horizon Bulk soil horizon, no treatment 0.198 * 0.261 * 0.081 * 0.176 * 0.384 * 0.277 * 0.170 
C horizon Bulk soil horizon, no treatment 0.017 * 0.012 * 0.004 * 0.005 * 0.015 * 0.014 * 0.006 
C horizon <2μm fraction, no treatment - - - - - - - - - - - - - 
C horizon <2μm fraction, oxidized - - - - - - - - - - - - - 
C horizon <2μm fraction, oxidized + HF-treated - - - - - - - - - - - - - 
WW 
Balsam Fir Needles, no treatment  0.784 * 0.444 * 0.536 * 1.938 * 2.015 * 2.462 * 1.907 
A horizon Bulk soil horizon, no treatment 0.091 * 0.061 * 0.071 * 0.213 * 0.244 * 0.131 * 0.134 
B horizon Bulk soil horizon, no treatment 0.018 * 0.017 * 0.014 * 0.040 * 0.057 * 0.033 * * 
C horizon Bulk soil horizon, no treatment * * * * * * * * * * 0.094 * * 
C horizon <2μm fraction, no treatment - - - - - - - - - - - - - 
C horizon <2μm fraction, oxidized - - - - - - - - - - - - - 
C horizon <2μm fraction, oxidized + HF-treated - - - - - - - - - - - - - 
MC      
Glacial Till Bulk sample, no treatment 0.204 0.184 0.176 0.139 0.156 0.111 0.153 0.088 0.165 0.062 0.202 0.048 0.112 
Glacial Till <2μm fraction, no treatment 0.099 0.123 0.137 0.141 0.147 0.126 0.164 0.111 0.156 0.073 0.107 0.042 0.039 
Glacial Till <2μm fraction, oxidized 0.098 * 0.053 * 0.059 * 0.066 * 0.073 * 0.061 * 0.025 
Glacial Till <2μm fraction, oxidized + HF-treated 0.014 * 0.027 * 0.036 * 0.052 * 0.045 * 0.029 * 0.008 
* Detected in minimal quantities 
- Fractions not analyzed due to paucity of clay in sample 
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Appendix III reports n-alkane carbon-isotope compositions for vegetation, soil and till samples. 
Sample Fraction and/or treatment 
δ
13
Cn-alkane (‰, VPDB) 
C21 C23 C25 C27 C29 C31 C33 
JBL Sphagnum Whole plant, no treatment * –30.9 –32.3 –34.4 –35.7 –34.5 –36.2 
EKF 
Bromegrass Whole plant, no treatment * * * –33.1 –35.5 –39.4 –35.9 
A horizon Bulk soil horizon, no treatment * * * –33.8 –34.8 –35.5 –35.2 
B horizon Bulk soil horizon, no treatment * * * –29.4 –32.2 –32.5 –33.2 
C horizon Bulk soil horizon, no treatment * *  * –32.2 –31.8 –32.4 –32.7 
C horizon <2μm fraction, no treatment –30.8 –30.1 –29.8 –30.4 –31.0 –32.1 –31.0 
C horizon <2μm fraction, oxidized –30.2 –30.8 –30.7 –30.9 –32.3 –35.0 –33.6 
C horizon <2μm fraction, oxidized + HF-treated –28.9 –29.9 –30.5 –30.2 –31.2 –34.5 –33.2 
TL 
Sugar Maple Leaves, no treatment * *  –32.2 –32.7 –33.1 –35.2 –36.5 
A horizon Bulk soil horizon, no treatment * –31.6 –31.0 –31.7 –34.7 –33.3 –29.8 
B horizon Bulk soil horizon, no treatment * –32.8 –31.5 –33.4 –34.9 –33.7 –33.3 
C horizon Bulk soil horizon, no treatment * * –28.3 –29.6 –36.0 –33.4 –36.2 
C horizon <2μm fraction, no treatment - - - - - - - 
C horizon <2μm fraction, oxidized - - - - - - - 
C horizon <2μm fraction, oxidized + HF-treated - - - - - - - 
WW 
Balsam Fir Needles, no treatment  * –32.9 –34.0 –35.1 –32.6 –34.2 –31.4 
A horizon Bulk soil horizon, no treatment –31.6 –32.9 –31.5 –35.8 –34.1 –32.9 –33.5 
B horizon Bulk soil horizon, no treatment * –30.8 –29.4 –33.2 –34.7 –33.3 –31.3 
C horizon Bulk soil horizon, no treatment * –30.4 –35.4 –33.6 –34.4 –33.4 –35.0 
C horizon <2μm fraction, no treatment - - - - - - - 
C horizon <2μm fraction, oxidized - - - - - - - 
C horizon <2μm fraction, oxidized + HF-treated - - - - - - - 
MC 
Glacial Till Bulk sample, no treatment –30.7 –33.1 –32.6 –30.9 –30.3 –31.3 –32.3 
Glacial Till <2μm fraction, no treatment –31.9 –31.0 –31.0 –30.8 –31.4 –32.4 –32.3 
Glacial Till <2μm fraction, oxidized  * –29.4 –29.9 –31.3 –32.4 –34.3 –33.4 
Glacial Till <2μm fraction, oxidized + HF-treated –29.1 –29.7 –29.7 –32.0 –32.7 –34.4 –31.9 
* Detected in minimal quantities 
-  Fractions not analyzed due to paucity of clay in samples 
Results in bold are the average of duplicate analyses 
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